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PREFACE. 



The object of the Author, in writing this book, is to supply Engineering 
Students preparing for the Honours Stages of the Science and Art and 
Technological Examinations in Machine Construction and Mechanical 
Engineering with a text-book in which there is not merely a collection 
of formulae whose use is but little explained, but which contains 
examples showing how such f oimulao may be applied to solve problems 
in machine design. To all those who are content to copy the designs of 
others, or who are possessed of that intuition and experience which 
enable them to dispense with calculation, we do not recommend this 
book ; but there are many others to whom we hope it may be of some 
service. The book is incomplete for beveral reasons : liratly, because we 
did not wish to introduce iiitb It 'what had been already completely 
discussed in other text-books on MacLiuH Design \ secondly, because we 
hope to deal with other matter, such as the design of complete 
machines, in another volume ; ard thirdly, since we need time for the 
completion of calculations on other subjects. We ^re indebted to the 
writings of Professor Dwelshauvers-D^ry for much in the chapter on 
" Gtoveraors," and to Mr. Young for most of the chapter on " Springs." 
In the report of the Examiners of the Science and Art Department 
in Machine Construction, for the yeai* 1892, some complimentary 
remarks were made as to the instruction given by the Author to his 
Honoura Stage Class. We mention this, as it is an additional reason 
why this book should be published. 

C. H. I. 
Rutherford College, 

Newcastle-on-Tyne. 
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PROBLEMS IN MACHINE DESIGN. 



CHAPTER I. 

Graphic and othbr Methods of Finding Longitudinal 
Stresses in Fbajhework Structures. 

If three forces, fig. 1, act at a point O, and are in 
equUibriam, they^ can be represented in magnitude and 
direction bv the sides of a triangle 6 c a, taken in order. It 
is f reqaently convenient to use the method of areas shown 
here, the force lying between the areas B and C being called 
the force b c, and so on. Also if any number of forces, 
fig. 3, act at a point, and are in equilibrium, they can be 
represented by a polygon, whose sides are parallel and 
proportional to these forces, the line a b representing the 
force between the areas A and B. If, then, at any pointlof 




riQ,3. 



wa,«. 



a framework structure, such as a crane, we know the magni- 
tudes of all the longitudinal stresses— i.e., the stresses along 
the members, except two, and if we know the directions of 
all of them, we can find the two unknown forces by com- 
pleting the polygon. ThuF, if AB, BC, CD, fig. 3, are 
known, we can draw the three sides of the polygon 
corresponding to these, fig. 4, and by making de^ea^Hg. 4, 
parallel to D E, E A, fig. 3, whose directions are known, we 
can find the magnitudes of the two unknown forces. 

Fig. 5 shows a wall crane, capable of carrying a load of 
1\ ton, at 110 in. from A. We shall apply the above to find 
the stresses in the various members. E is the intersection 

IM 



2 LONGITUDINAL STRESSES 

of C D and A B produced, and as we are not oonsideriDg 
bending stresses in A B, the load W may be divided into 

two parts. ^; ^J^ at A, and ^^jr^ at K 



AE = 

and A B = 

So that we have at E— 



1500 . 
-33- m., 

1210 
11 



£1 

a* 

SI 



in. 



1210 

1500 

= 1-21 ton. 



li ton, 







X = 



= 3-83 tons. 



I 'Pon the triangle C E A, the forces Y, X, X^, and W act— 
Y = W, 
X = X„ 
and the couple W. A B = X x 43 in. 

1-5 X 110 
43 

In fig. the triangle C A E is again drawn, and forces, as 
showD, placed at the angles. G is the central area, and it 
will be noticed that it is necessary to pass the line of action 
of a force, or to pass over a side of the triangle, to proceed 
from one area to another. Now, to draw the diagram of 
stresses, we take h m equal to Fi, and draw mg^g h parallel 
to A E, E C, which must now be spoken of as the members 
M G, G H. It is clear that the stress in M G is compressive, 
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) it exerts a force to the right, at E ; we therefore 
rows, as shown, apon M G. The stress in G H is 
and this is shown also by arrows, pointing inwardf, 
epresenting the directions of the lorces exerted by 
' upon the end joints. It will be noticed that we 
■avelled round tlie point E in the same direction as 

the hands of a watch, when drawing the triangle 
Having chosen the direction, we must adhere to it 

the points of the structura We next draw the 
3 hgk^ to represent the forces at C, showing that 
oe exerted by G K acts upwards at C. The arrows 

on G K show that it is in compression. Lastly, for 
rectangle kg ml represents the four forces at that 
It most be noted that h h and h I are not equal to X, 
m equal to Y. 

ibove reasoning may not be very simple, but it can 
seen how easy it is to apply this " Method of Areas " 
rmine the stresses. We draw km parallel and equal 




Fig. 6. 



nd m g, h g parallel to M G and H G, then g k and h k 
to GK and HK, and lastly kt and ml parallel to 
1 M L, so that oar object is attained without any 
exertion whatever. 

3 is the side elevation of a sheer legs. AC, AC^ 
110 ft., A B 7 151| ft ; the perpendicular from B on 
72J ft., and C C^ is 42 ft. The load carried is 80 toas, 
I weight of each front leg is 9 tons, while that of the 
g is 15| tons. There is a screw which, passing 
I a nut at B, moves it in and out, the axis of the 
»eing the perpendicular from B on CC^. As we are 
ling with bending stresses, we may suppose these 
I transferred to A, B, and C C\ so that at A we have 
B, at B 7| tons, and at CC^ 9 tons. Fig. 8 is then 
UD into areas, as shown, and fd is drawn vertically 
irds to represent 96| tons, and de, fe are parallel 
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PiREFACE. 



The object of the Author, in wi'iting this book, is to supply Engineei*ing 
Students preparing for the Honours Stages of the Science and Art and 
Technological Examinations in Machine Construction and Mechanical 
Engineering with a text-book in which there is not merely a collection 
of formulae whose use is but little explained, but which contains 
examples showing how such f oimulsD may be applied to solve problems 
in machine design. To all those who are content to copy the designs of 
others, or who are possessed of that intuition and experience which 
enable them to dispense with calculation, we do not recommend this 
book ; but there ai-e many others to whom \^e hope ifc may be of some 
service. The book is incomplete -for several reasoi;ia: Sratly^ because we 
did not wish to introduce into It 'what had been already completely 
discussed in other text-books on MacLinH Design ^ secondly, because we 
hope to deal with other matter, such' as the design of complete 
machines, in another volume ; and thirdly, 5inc^ \ye^ need time for the 
completion of calculations on other subjects. ^ We nkve indebted to the 
writings of Professor Dwelshauvers-D^ry for much in the chapter on 
" Governors," and to Mr. Young for most of the chapter on " Springs." 
In the i-eport of the Examiners of the Science and Ai-t Department 
in Machine Construction, for the yeai* 1892, some complimentary 
remarks wer6 made as to the instruction given by the Author to his 
Honoui*s Stage Class. We mention this, as it is an additional reason 
why this book should be published. 

C. H. I. 
Rutherford College, 

Newcastle-on-Tyne, 
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PROBLEMS IN MACHINE DESIGN. 



CHAPTER 1. 

Gbaphic and iiTHiit Methods of Finding LoKcifuorNAL 
Stresses in Feamewohk STELrrxuEES, 

If three forces, tig. 1, act at & point O, and are in 
eqnilibriuiD, they cau be represented in magnitude and 
direction by the aides of a triangle h r tt^ taken in order. It 
ia frequently convenient to use the method of areas shown 
here, the force lying between the areas B and C being called 
the force b c, and %o on. Also if any number of forces, 
tigt 3, act at a point, and are in equilibrium, they can be 
represented by a polygon, whose sides are parallel and 
proportional to these forces, the line a h representing the 
force between the areas A and B. If, then, at any point[of 



Fia.i 



^Q,*. 



a framework structure, such as a crane, we know the magni- 
tudes of all the longitudinal stresses-— 1>., the stresses along 
the merabers, except two, and if we know the directions of 
all of thenj, we can find the two unknown forces by com- 
pleting the polygon, Thup, if A B, B G, CD, tig* 3» are 
known, we can draw the three sides of the polygon 
corresponding to these, tig. 4, and by making d t\ t a, lig. 4, 
parallel to D E^ E A, fig, 3, whose directions are known, we 
can find the magnitudes of the two unknown forces. 

Fig. 5 shows a wall crane, capable of carrying a load of 
1^ ton, at 110 in. from A. We shall appl]^ the above to find 
the stresses in the various members. E is the intersection 
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PREFACE. 



The object of the Author, in writing this book, is to supply Elng^eenng 
Students preparing for the Honours Stages of the Science and Art and 
Technological Examinations in Machine Construction and Mechanical 
Engineering with a text-book in which there is not merely a collection 
of form\ilse whose use is but little explained, but which contains 
examples showing how such f oimulsD may be applied to solve problems 
in machine design. To all those who are content to copy the deugns of 
others, or who are possessed of that intuition and experience which 
enable them to dispense with calculation, we do not recommend this 
book ; but there are many others to whom we hope it may be of some 
service. The book is incomplete for bev^ral reasons: Sratjy^ because we 
did not wish to introduce into It 'what had been already completely 
discussed in other text-books on MacLinn Design } secondly, because we 
hope to deal with other matter, such' as the design of complete 
machines, in another volume ; ard thirdly, since we need time for the 
completion of calculations on other subjects. We are indebted to the 
writings of Professor Dwelshauvers-D^ry for much in the chapter on 
" Governors," and to Mr. Young for most of the chapter on " Springs." 
In the raport of the Examiners of the Science and Aii^ Department 
in Machine Construction, for the yeai* 1892, some complimentary 
remarks wer6 made as to the instruction given by the Author to his 
Honouiti Stage Class. We mention this, as it is an additional reason 
why this book should be published. 

C. H. I. 
Rutherford College, 

Newcastle-on-Tyne, 
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PROBLEMS IN MACHINE DESIGN. 



CHAPTER I. 

Graphic and other Methods of Finding Longitudinal 
Stresses in Frajhework Structures. 

If three forces, ^g. 1, act at a point O, and are in 
eqailibriam, they can be represented in magnitude and 
durection by the sides of a triangle bcay taken in order. It 
is f reqaently convenient to use the method of areas shown 
here, the force lying between the areas B and C being called 
the force h c, and so on. Also if any number of forces, 
fig. 3, act at a point, and are in equilibrium, they can be 
represented by a polygon, whose sides are parallel and 
proportional to these forces, the line a h representing the 
force between the areas A and £. If, then, at any point^of 
bN 




a framework structure, such as a crane, we know the magni- 
tudes of all the longitudinal stresses— i.^., the stresses along 
the members, except two, and if we know the directions of 
all of them, we can find the two unknown forces by com- 
pleting the polygon. Thup, if AB, BC, CD, fig. 3, are 
known, we can draw the three sides of the polygon 
corresponding to these, fig. 4, and by making de, ea, fig. 4, 
parallel to D E, E A, fig. 3, whose directions are known, we 
can find the magnitudes of the two unknown forces. 

Fig. 5 shows a wall crane, capable of carrying a load of 
1^ ton, at 110 in. from A. We shall appl^ the above to find 
the stresses in the various members. E is the intersection 

IM 



LONGITUDINAL STRESSES 



of C D and A £ produced, and as we are not conaideriog 
bending stresses in A B, the load W may be divided into 

two parts, ^; %^ at A, and ^;4,^ at R 
A hi A ill 

A E =400 in., 



and 

So that we have at E— 



11 

1210 

11 



AB = ^210i^^ 



= 1*21 ton. 




Upon the triangle C E A, the forces Y, X, X^, and W act— 

Y = W, 

X = X„ 
and the couple W. A B = X x 43 in. 

... X=-^'^-^-y-? = 3-83 tons. 
43 

In iig. 6 the triangle C A E is again drawn, and forces, as 
she WD, placed at the angles. G is the central area, and it 
will be noticed that it is necessary to pass the line of action 
of a force, or to pass over a side of the triangle, to proceed 
from one area to another. Now, to draw the diagram of 
stresses, we take h m equal to F^, and draw mg, g k parallel 
to A E, E C, which must now be spoken of as the members 
M G, G H. It is clear that the stress in M G is compressive, 



\ 



IN FRAMEWORK STRUCTURES. 3 

because it exerts a force to the right, at E ; we therefore 
put arrows, as showD, apon M G. The stress in G H is 
tensile, and this is shown also by arrows, pointing inwards, 
these representing the directions of the forces exerted by 
the bar upon the end joints. It will be noticed that we 
have travelled roand the point E in the same direction as 
that of the hands of a watch, when drawing the triangle 
^ifig. Having chosen the direction, we most adhere to it 
^or all the points of the strnctare. We next draw the 
triangle kgk, to represent the forces at 0, showing that 
the force exerted by G K acts upwards at C. The arrows 
i^ked on G K show that it is in compression. Lastly, for 
'^.the rectangle kg ml represents the foar forces at that 
point It must be noted that h k and k I are not eqaal to X, 
Jior is / m equal to Y. 

The above reasoning may not be very simple, but it can 
^ow be seen how easy it is to apply this " Method of Areas " 
to determine the stresses. We draw h m parallel and equal 




to Fi, and m g, h g parallel to M G and H G, then g k and h k 
parallel to GK and HK, and lastly kl and ml parallel to 
KL and ML, so that oar object is attained without any 
mental exertion whatever. 

Fig. 8 is the side elevation of a sheer legs. AC, AC^ 
each = 110 ft., AB 7 151jft ; the perpendicular from B on 
C C^ is 72J ft., and C C^ is 42 ft. The load carried is 80 toas, 
and the weight of each front leg is 9 tons, while that of the 
back leg is 15^ tons. There is a screw which, passing 
through a nut at B, moves it in and out, the axis of the 
screw being the perpendicular from B on C C^. As we are 
not dealing with bending stresses, we may suppose these 
weights transferred to A, B, and C C\ so that at A we have 
%| tons, at B 7| tons, and at CC^ 9 tons. Fig. 8 is then 
divided up into areas, as shown, and fd is drawn vertically 
downwards to represent 96J toas, and (2 6, fe are parallel 



to D K and F K It li clear, then, that the former etreaa is 
eomprnsttvp, and the latter tensile. The two remaining 
linps rift Iff are next drawn. Then f/e ii the pull on the 
icrew ; ;//; lee^ 7| tons, ia the actaal downward component 
of the force at H ; and if c/, plua 9 tons, thf> vertical com- 




equal to d t, fig, IJ ; then k 4, k I are the stresses in A C^ A C, 
and h »?, drawn horizontal ly^ gives ns t m, m l\ each of which 
mimt Iw increaied by 4 i tons to give the actual value of the . 
vertioal forces at C and G^. This constrnction will give — 



tie — 171 tonsj 
f/ ^ « 70 tons, 
tfd ^ 1?>5J tons, 
A m '=11 tons. 



ft - 92 tons, 
ffj ^ m tons. 




In tho above we have neglected the tens ion of the chai]], 
which vtty nearly coincides with AB. The mechanical 
advantage ia <j tone, and therefore the ten a ion of the chain 
is V^i tonSi which reduces the tension in the back leg to 
7w,\ ton% and the horizontal pull on the screw at B is — 



fj e X 



i| = 61>G toni'. 



i 




Fig, 12 shows the outline of a platform crane, and tig. 13 
the corresponding stress diagram. Each line in fig, 13 is 

firallel to the corresponding member or force in hir. 12. 
hns « 6 is parallel to the member between the areas E and 
B. Fig, 13 is drawn thus : Make ed equal to W, and draw 
dii^t «, ^6, € by &r, ecyC [ff dffj and ef: by proceeding in this 
order the figure is readily drawn. To find whether any 
stress is tensile or compressive, we proceed as follows : In 
drawing the triangles or polygons lor any point, we have 



A 



IN FRAMEWORK STRUCTURES. 



decided to proceed round it in the same direction as that 
of the hands of a watch. Thns at the point X, fig. 12, 




the polygon is had(jc^ so that b a acts downwards at X, 
ad, a g to the left, g c upwards, and c 6 to the right ; there- 
fore the arrows must be placed as shown in fig. 12. 



2rf 




Fig. 14 shows the outline of a well-known type of crane 
mucn used in forges and foundries. The weight of the jib 



LONiilTTDIXAL STKESSBS 



H I) ii li ton, of the itrvt AC 1 ton, ftnd of 6H 2ton& 
The palleys £F are cmiried by tbe timreDer or monkey, 
and can be moved along B D. We aee at once that 
Y = 16J tonr. 

»^ 

assuming that the centres of graTitv of B D and A C are at 
their middle points. To find the longitadinal stresMs, W 
may be replaced by npward and downward forces F^, F^ 

at H and A. 

Fx = ^^^® = 6tons; 



F2 = 



W X 24 



18 tons. 




I e.TONS 

\< 



— 2IV4 






5."n»is. 



'I'ho loaH of th« jib may be replaced by two downward 
forces F;j, F.i at A and B. 



v\ ^n X 



i^ = 1-3125 ton; 
10 



F., ^n xA 



•1875 toD. 



Tho load of the strut A C adds a J ton to C and A. 

Thus we have at A, liar. 15, a force m I of 19*8125 tons ; at 
|{ th« force 7i m is 58125 toDs. Fig. 16 shows the stressep, 
and sincjfi those in A B, EC are tensile, they will be each 
rrduced by G tons, the compressive force exerted by each 
part of the chain ESll. That in EC must again be 
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increased by the weight of the part G C above C, which is 
nearly 2 tons. 

It ireaaenUy happens that the above method of areas is 
not the shortest way of solving these problems. Fig. 17 is an 
oatline sketch of a hydraulic ingot stripping crane, capable 
of lifting a load of 6 tons ; B represents a roller bearing 
fixed to Uie roof, and A is the part of the hydraulic cylinder 
bored to fit the ram that raises the crana We shall find 
the longitudinal stresses in C H, C G, OF, EG, G F, 
neglecting all weights except the 6 tons at 21 ft. and the 
counter-weight of 1^ ton, at 5 ft. from C G. 

DG= 21Jx ^"^^^ 273ft 
5*2o 



p R 




The 6 tons may be divided into two part3 at D and G, 
the former being — 

F^ = 6 X J}- = 461 tons. 

Then, by the triangle of forces, if Fo, F.^ are the stresses 
in CH and EG, 

Fx ^ Fo ^ F, . 

CG CLi DG' 

4 GI X 281 



F. 



(5-7o 

. 4 01 X 27-3 

G-75 



= 19 2tonp, 
=. 180 tons. 
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Similarly, if F4 and >% 
then the foroea at F are 
triangle C G F, so that 

^*=-crF ^ 



are the streasea in C F and 
proportional to the aides of the 



15 X 8 4 
6 75 



— 1 865 ton. 



F.= 



15 X 5 
mo 



- Ill ton. 



rf 



The vertical components of thfi streeaes in C D and C F 
are clearly equal to (> tons and 1^ ton ; therefore the atreaB 
ID C G is 74 tons. 

Fig. 18 reprfisenta the outline of the moving parts of 
Fleming and FergnEons qaadruple-expanaion engine ; tbe 
high-presBure and first intermediate pistona being connected 
to one crank, aa ahown, and the second intermediate and 
)ow-pr*»saure piatons to another, which is opposite to the 
tirat ; II G ia one part of the air-pnmp lever. To ai'oid a 
confuied atress diagram, it is beat to proceed as follows :— 

Pi is assumed equal to F^ ; of course, in practice their 

values would be known. The turning force Fj may be 

|i supposed to act perpendicular to EF, and so as to cause 

' equilibrium. We rommen*^e with the point A; draw KL 

I pqual to Pii and L M, KM, fig. 19, perpendicular to KL 

and parallel to AC reapectively, so that LM represents the 

pressure on the slipper, and M K the compressive force on 

I AC* The triangle KMN represents the atreasea in CH 

and C E reapectively, of which the former is tenaile and the 

I latter compressive. At the points H and E there are three 

unknown forces ; we cannot, therefore, proceed in either 

direction, but must take the point D, at which P Q, tig, 20, 

is drawn equal to P^f and RF, Q B. are the pressures on the 

slipper and the compTessive force in BI), Q S and S E are 

parallels to E D, and D H are the stressea in these memberp^ 

' the former being compressive and the latter tenaile. At the 

point H there are two opposed tenaile stresses, R S to the 

right, N M to the left. Make R T - N M. and draw T U, S 

paraUeli to H E and H G ; the stressps in H E and G H are 

both compressive. Lastly, Y W X Y Z representa the 

I polygon of forces at the point E. V W, W X, X Y are first 
drawn to represent the now known stresaea in CE, HE, 
and D K, and Y Z and Z W, parallel and perpendicular to 

II E F, represent the compressive stress in E F, and the 
j^ft turning force on the crank pin. 

^H Fig. 22 represents a crane in which A B, the jib, is 15 ft. 
^H long, and the two stays B C and B C^ are each 23 ft. long, 
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while C C^ is 6 ft, and A C, A C^ are each 10 ft. The weight 
lifted is 2 tons, the chain being approximately in a line 
which bisects the angle CBC^. We intend to find the 
stresses in the jib and in the foar parts of the two stays, 
viz., B D, B DS D C, D^ C\ A counterbalance weight W^ 
is supposed to act between C C^, so that the load of 2 tons 
is properly balanced. By constructing the isosceles trianfrles 
B C C\ A C C^ it will be found that the elevation 6 c of B C 
is 22 8 ft., and a c, that of A C, is 954 ft. The triangle ahc 
should next be drawn, fig. 22a, and a perpendicular a d 
drawn to a c. 

Then the triangle hda\a the triangle of the three forces 
at the point h. Let Fi be the resultant of the chain tension 




and the stresses|in the two ties B D, B D^, and let Fg be the 
stress on the jib. Then, since W = 2 tons, 



ad hd 



ah 



Fi = r^ X 1204 = 4 86 tons tensile, 
4 95 

Fg = ^ <r ' ^ ^^ *" ^'^^ compressive. 

Since the tension of the chain is 2 tons, the resultant tension 
of the tie rods is 

F3 = F, - 2 

= 2-86. 

The tension of BD, B D^ may now be found in a manner 
similar to that in which we found the stress on each of the 



10 
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front legs of the sheer le^s, figs. 10 and 11. A little thought 
will also show that if F4 is the stress in B D, 

2F4^F3 
15C be 

F4 = 1?^-^^ = 1-44 ton. 

* 2 X 22 8 




The counterbalance is found by taking moments about the 
post. 

W X 11-23 = W^ X 9; 
. •. W^ = 2-495 tons. 

Let F5 be the resultant on the back stays ; then c/ a c is the 
triangle of forces for the point c. 

^i _ F . 

da d r 

^ 2 495 X 1072 ... . ^^ 
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Let Fo be the stress in each stay ; then 

2Fe ^F, 
BC he 
Fo being obtained from F5 in the same way as F4 from F^. 

•'•^« =^ X -^2725 tons. 

The above method is very simple to anyone who can use 
a slide rale, because arithmetic is always preferable under 
these circumstance to graphic methods. Failing this, how- 




ever, take a k 
then 



Again, take 



W, and draw k e^ ef parallels to n h, ad ; 

Fi = e^ 
F2 = bf, 

gh = W^ ; 
gc = F,. 

Fig. 23 represents the outline of a hand crane much used 
for building purposes. E A, A D^, A D are equal, and D A D^ 
is a right angle. EC, AC are tie rod and jib, which, to 
make the problem more interesting, are swung round so 
that their plane is perpendicular to its central position 



then 



when it bisect a the angle between the planes D E A and 
U* EA. The chain is shown by the chain dotted line. 
There are three force a at E ; the pnil of the jib end chain 
aJong EC\the pull of the post EAand chain downwards, 
»nd the resultant of the Btrefiaea in D E and £ D^, which ia 
horizontal and in the plane A EC. TbiB last mnat bfs 
horizontal, becaoae the intersection of the planea DED^ 
and CKA is a horizontal line, and three forcet, if in 
eijnilibrinm, must lie in one plana 

Then, if F^ is the atress of tie EC and chain^ and Fg the 
streaa of the jib AC, ■ 

_W _ F, Fg^ I 

EA KC^^CA ^ 

and aa the streaa on the chain ia W, that on the tie rod %e 

F " W, Fi and F^ may also be found graphically by 
taking H paraUf^l to EC and C H equal to W. 

Next, if GK, HK be drawn vertical and hoHzontali 
then (.; H K ia the triangle of forces for the point E. Th« 
a tress in the poat is G K - W, and K K la the reaultant force 
of thn back stays. Now, since EA, AD, AD^ ar« equal, 
und D^ A D, E A DS E A D are all right anglee, the triangle 
1*]1)D^ is equilateria), and aa DD^ ia parallel to l\ the 
triangle EDD^ has its three aides parallel to the three 
foroea at E, viz., the atresaea in D E, D E^, and the force F', 
which ia equal and opposite to their result ant F, and whidi 
ia exerted upon the back stays by the joint at E ; therefore 
I)' E D ia the triangle of forces for the point E, showing 
that the stress iu ED is compresfii^^e, that in D^ E id 
t**naile, and both are equal to F — i e , to H K, Even if the 
triangle E1)D^ were not isoacelei*, still the three stresses 
would be represented by D^ 1). D^ E, and E D, and a triangle 
K II L, drawn similar to D^ D E, would give the required 
stresses. 

An excellent illuat ration of a case in which we can apply 
the method of areas to simplify our work is shown in ii^f. 24, 
Aa there are three external forcer , they must meet in a 
points aa shown. The areaa may nt^xt be lettered, and the 
diagram of atresses drawu, fig, 25, commencing with ths 
triangle r^fy, where rq = the load. The rt^der will now 
ha\^6 no difficulty in following out the rest of the diagram, 
if he will find the points a^ 4, t:, tkc.^ by drawing (/ a, 7' a to 
meet in a; ab^ij 6 to meet in h^ and so on. 

In lig. 2(> ia shown a centre line sketch of a awiveiling 
crane designed to lift a load not exceeding 15 cwt Supposing 
the Btresses to be the same as if there were free joints at 
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A, B, C, D, by the aid of a diagram estimate the stress 
on B D and on each of the two rods which join B to C. 
Determine also the greatest straining actions on AC. In 
fig. 26 let the area between the weight's line of action and 
CD A be (2, to the right of the weight and above C B let the 




Fig. 20. 



area be e, from B to A the area is c, and let the triangles 
B D C, B D A, enclosed by straight lines joining CD, DA, 
be a and 6. The straight lines C D, D A show the directions 
of the forces at C and A, so that bending and compression 
act in C D, D A Let P be the force at C along C D, and let 
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r he its perpendicakr diatance from the centre of CD; lefc 
A j be the ie^^tion of C D, and Zc its modnlua to resist com- 
preaaion. The stress in C D is 



for the explanation of which see Chapter XL 

Fig. 27 showa the atregs diagram ; e ci ia the sum of the 
tensions in the two rods B C, and the pull of the chain | W ; 
h r ia the compression in B E, leas the tension of the cJiaiii 
whose pull adds to the compression. 




Fm, -27, 

Suppose a wheel to be so oanatmcted that the periphe , 
consists of twelve equal pieces^ capable of withstanding 
compression^ and jointed together at points which are 
attached to the central hub by twelve slender rods of equal 
length, callable of withstanding tension only. Suppose that 
the wheel is mounted on a ceniral horizontal ahafc^ which is 
supported in bearings^ and loaded with a weight W at each 
of the twelve joints^ and the wheel to be in such a position 
that two of the radial rods are vertical, the upper one being 
free from stress. Draw the stress diagram, showing ^' ' 
stress on each member of the structure, and explain 




f 
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: the tension of the lower vertical radial rod will always be 
equal to 4 W, however many^ divisions there are in the wheel 
periphery, there being a weight W at each point. 

In fig. 28 the stress diagram may be drawn by commencing 
with the triangle of forces at A^ and taking B, C, D, &c., in 
order, remembering the load W at each joint This the 
reader will have no difficulty in doing if he has read the 




previoas examples, but to prove that the force in O G is 
4 W, whatever the number of sides, is somewhat harder, and 
may be best shown by trigonometry. 
Let 2 n be the number of sides of the structure, then the 

angle A O B =— , so that the stress in A B is— 



«i = 



2 sin 



2 n 



«2 = ^1 + 



where ^2 ^ ^^^ stress in B C. 



2n 
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w 8in 

^3 = ^2 + » 

where ^3 is the stress in C D, and so on. 

. n-1 
t«?8in ■ - ^ 

tn = <«-l + 



COS — - 

2 w 



Let 11 be the pull in O G. 



R = M> + 2 <n sin - . 
2n 



. •. R = 2m; + 2 — ^ w 2 sin 1c -, 



cos - 

2 w 

where ^^ „• 1c ^ 
— sin 



implies the summation of a series of sines in which k varies 
between 1 and (w - 1). Hence 

R = 2 t«> + 2 «' = 4 u\ 



CHAPTER II. 

Bending Moments. 

Jt will be as well to mention several important rules in 
mechanics before commencing this subject. They are as 
follow : — 

(1) The algebraic sum of the moments of any number of 
forces about a point is equal to the moment of their 
resultant. 

(2) The moment of a couple is the same about any point 
in its plane. 

(3) If any system of forces in a plane acting on a rigid 
body be in equilibrium, the sum of their moments about any 
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^^^t is zero ; and if each force be resolved into two com- 
j^J^J^ts parallel to two fixed lines at right angles to one 
^^aer, the algebraic snm of the components parallel to 
^^ line will be zero. 

-yJ^cam* Besting on Two Supports, and Loaded in any Manner 
y^^o^ijwr.— Let AB, fig. 29, represent a beam HK, loaded 
7^^ two aniformly distributed loads, Wi, W5 of 2 and 6 
^ and let Wg, W3, and W4 be concentrated loads of 1, 



1^2 



/ 




4, and 5 tons. If we wish to find the bending moments at 
any point of this beam, it will be necessary to first find F^ 
and F2, the reactions at A and B. We treat A B as a lever, 
whose falcmm is at B— or, in other words, take moments 
about B. Then, 

Fi xAB=Wi X MB + Wgx EB + W3 X GB + W4 X HE 
- W5 X LB, 

where L and M are the middle points of B K and C D ; and 
taking the dimensions on fig. 29, 

Tji 2xl5 + 8+4x2 + 5x22-(jxl-5 

*^^^ 20 

= 735 tons. 

F2 can be found by taking moments about A, or, better, 
as follows — 

F2 = Wi + W2 + W, + W4 + W, - Fi 
= 18 - 7-35 = 10-65. 

We can now find the bending moment at any point of 
the beam. Let us first take C. Fig. 30 shows the portion 
of the beam HC, which is kept in equilibrium by W4 at 
H, Fi at A, a vertical shearing stress F., exerted by the 
right-hand part of the beam beyond C upon the left, and 
a couple N (which we shall call positive if it would cause 
rotation in the opposite direction to the hands of a clock, 

2m 



IS Rno 

ft&d negttdTe if m the m 



MOMKST^ 



direcdoci^ Mtkiiig nte <^ 



= T-3& X 3 - 5 X 5 
= - 21S foot-tflDB, 

■bowiii^ thAt iti direeAiof& it negP^^^ A^^d ^ the oppo^^ 
dti«ctJoti to tluit indjcmtol bj Uw am^ws P. P^, in % 30. 

Tbe liending mamettil at anf point between CD i^ 
obtained aa foilowB : Let tlie pmnt Q, fig. 31, be 2^ ft to ^e 
right of C. The portion H Q is kept in eqnilibriiim by ^^^ 
F^, five-eightha of W^, F4, the abe&iing stress at Q, ami the 
couple N2 at Q. Taring moments about Q, 

N. = F» X AQ - W^ X HQ - I W, X ^9 . 

The laat term in the above is obtained thna : By role (ll 
the satii of the moments of the loads cHstiibnted on € Q = 



w* 



p- 



A 



N« 



^P, 



*'J 




Fia. 30. 



Fm. 31. 



the moment of their reanltant R, tig. 3L which acta at a 
diatance 4 C Q from Q, and the load on C Q is § W^. Th* 

fore its moment about Q is i W^ x - -^ 



:-, Na = 7*35 X 5J - 5 X 7| - I X 2h 
- 1"34 foot-ton. 



ere^H 



Lastly, let nB take a point S midway between W^ and W^, 
The moment obtained will be exactly the same whether we 
oon aider the right or left portion of the beam ; the portion 
S K ifl choaen becanae there are fewer forces upon it, and 
therefore less calealation ia needed. Taking momenta abotif 
B, the couple 

Ns-W^jxSG + W, xSL'FoxBS 
s« 2"25 foot- tons, 
which ia negative, hecauae it would cause rotation in the 
direction of motion of the hands of a watch. 



d 

1 
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^hese three examples will show how to find the bending 
^tuent at any point of a beam having two support^ 
^^Qver it may be loaded. 

}^ is sometimes necessary also to find the shearing stress 
' ^ point In fig. 30, since the algebraic sum of the vertical 
^^cea must be zero, 

F3 = Fi - W4 = 735 - 5 = 2 35 tons. 
Jnfig.31, 

F4 = Fi - W4 - R = 7-35 - 5 - 1-25 
= 11 ton. 
In fig. 32, 

F5 = Fg - W3 - W5 = 10-65 - 4 - 6 =; 65. 

Beams Fixed at Both Ends, — In this case there are couples 
A, B, fig. 33, which compel the ends to take some direction, 
t unfortunately in practice, although we can frequently 
id cases in which the beam is fixed at both ends, we cannot 
11 what angle the ends A, B make with the horizontal An 



^ LlL m^ --x m 




YFn 

Fio. 32. Fk;. 33. 

ceedingly small alteration makes a considerable difference 

the bending moment at different sections. Even when 

» the angle is very small. When the section of the beam 

uniform, and the ends are horizontal, and there is a load 

W I 
at the centre, the bending moment is — at both centre 

8 

d ends, and there is no bending midway between the centre 

d ends. If the load is uniformly distributed over the 

w 7 W Z 

am, the moment at the ends is — - and at the centre — — 

12 24 

e point of no bending is — - from the centre. 

A beam or girder must be made sufficiently stroni? to 
3ist the shearing and bending at every section. Every 
ction has what are called moduli with respect to tension 



and compresiion, which arfl uBoally represented by the 
sy mboia 7a and Z^% go that if ft and ft are the greatest tensile 
and compressive ^t res sea prodticed by the moment M at any 
section, then 

M = // Z( = fc 7m. 
We aball now explain how these moduli are obtftined. 
Fig, 34 shows a recr angle whose breadth ia h and thickneiS 
^ which latter is indefinitely small compared with ^, its 
mean distance from a straight line B C, parallel to its length. 
The moment of inertia of this area about £ C is 

\=hi if^ = Kir, 
wh^re A is the area of the rectaogle. IF an area ^, €g. 3r, 
be divided into a number of indetinitely thin rectangleii 



> - h - 




\tr\ ^ 





Fin 3m 

such aB the abore, whose distances from B C, bread ths^ and 
thicknesses are ?/i 6j ^^ ^/^ h^ t^, tfc^a, then the moment 
inertia of S about B C ia 

i ^ *i ^ Vv^ + ^'2 '-^e' + ^tc. 
= 3 A ^2 

t.0., equals the sum of the moments of inertia of all the 
rectangles. 

The moment of inertia of the rectangle in fig, 3C is found 
by the aid of the integral calculua to be 

hh^ J 

3 * 1 

Asauming this* the moments of other sections can be readily 
calcnlated. The moment of the rectangle in tig. 37 is _ 

3 ' ' 

because it is the difference of the momenta of two rectangle^t 

la fig, 38 the moment of each aection is " 

BH^ - hh^ 
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becaoge in (1) there are two rectangles, each of height h and 
breadth ^ subtracted from the complete rectangle B H, and 

^(2) there is one rectangle 6 A to subtract 
NoW; let a number of forces act on an area such that the 

forces below x z are acting towards us, and those above in 
, m reverse direction, all being perpendicular to the plane 

or the paper. Then the moments of the forces about x z may 

^ be added to one another ; and if the sum of the forces 
i^oove xz\a equal to the sum of those below, we get a 
couple. 

Next let us suppose that the forces are proportional to the 
product of the areas on which they act and their distances 



Fig. 37. Fio. 3S. 

om X z. Then, taking a very thin rectangle h t, whose 
ean distance from xzia y, the total force on it is 

kybt, 
here k is some constant. 
Hence the sum of the forces on the upper part 

= '^kybt, 

le summation referring to the area above x z ; and if we 
ant a couple, the sum of the forces on the lower part must 
so 

= 'l^ky bt. 

But 'Zybt ia the moment of the area above x z about 
lat line, treating it as if it were a uniform plate having 
eight ; and since the moments of the upper and lower 
irts are equal, the area would balance about a horizontal 
cis X z — in other words, the centre of area lies in x z. 
When a couple acts on a section of a beam or girder it 
ust be balanced by a couple produced by the stresses of 
le section ; hence, assuming at present that the stresses 
iry as their distances from the line of no stress x z, it is 
ear that x z must pass through the centre of area of the 
ction, and it is obviously perpendicular to the plane of the 
•uple acting on the section. If we imagine a very long 
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bfiftin of Qiiiform section bant to form a circle, it is sabject 
to bimding otily^ and there is no shearing stress. Let r, fig. 
40| Im thi! radius at which there is no stress, the natorml 
bngth of thfl beam being 2 w r ; let r^ be any other radii 
Itiia than r^ then the oompresBion is 



2 IT r - 2 fl^ /:, ^ 2 irj^ (fig. 41), 



J 



and aN atreHa i^ proportional to strain, the compressive at 
per iquare inch at that radius is proportional to y^ the 
diatance from r :. If we auppose this stress to act on a 
very thin ret; tangle nh c d, wnoee area ia A, the moment of 
thin force ul>out ,f: z la 

At a radiut r^ greater than r^ the streas \U tensile, tj 
Inore&ie of longth being 



2r(r, 



= 2^//t 



1 



and tht) moment of the force on a very thin rectangle wbi 
area is A^ ia 

I lence the ium of the moments of the forces on the section is 

I beiijg the moment of inertia of the whole section about xz\ 

heififf: be the greatest tensile and compressive stresses \ 
radii r^r^, and let 

r - r^ — he 

then kt /k are the points on the section farthest from m\ 
and 

Ji^k A, ; /(. = A; Ac 

ft 
, % the moment of resistance of the section to bending is 






hi 



./iZ, 



fit: 

Oaietdaiion of the Moduli of Unspmfmirkal ^cctiont* — It if 
first necessary to find the centre of area ; in fig. 42 we have 



A 
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a doable T section with the npper or compression flange 
smaller thsoi the tension flange, as is nsaal in cast-iron 
girders. _ 

Let G be the centre of area, and x its height above A B. 

Then, taking moments about A B, and treating the three 
rectangles formed by flanges and web as if they had weight 
proportional to their area — 

x'(9 +10 + 3) = 9xi + 10x6 + 3x 11^. 
- 99 .1 



Fig. 30. 




Fig. 40. 



In fig. 35 (1) we found that the moment of inertia of the 
Twas 



so that in this case the moments of the upper and lower 
are 

3 X (7i)3 - 2 X my' 

3 
9 X (4i)^- 8 X (3J)3 

3 



and 



.-.I = 396, 
which is the sum of the above. 
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..I.: Vim..., m "^^ ';a.ir. .jroi^ iAi» ^mb^mbob ^mge it lea 

..i.i..V .A<: '.'r*,.iUM. liWt^f. 'ftCt^Wit ite VMUOUIW ctf CBBt iltll ifl 
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T!i*: ii, »inc*s -¥•? :£now the bending moment 
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tic ht 

fc-i-ft 



hl^ 



f^ h. 



fc + / 1 

Thiu we have the position of the centre of the area of the 
section, and therefore, if we take moments of areas about 
AB(fig.44), 



A^ +AcA = (Ax + AC + A)A<. 



(1) 



I 

he 

I 



-iE-HE 



4 



h 

.1. 



■'li" 



3: 



\ 



Jt— I - 



Sk — ■ 



T 






B 



Fig. 44. 

. 1 = A«At2 +AcAc''^ + 
where t is the thickness of the web. 



Fio. 43. 



3^ 



l^Ktht^Kchc^ + A' 
= Ae^(Ac|^ + A ^V/^0 +AcAc^+A^^-+>^--M^- 



2a 



yrnnBicAL. EXAMfisab 



Mao 



-->-¥'-i)} 



(S) 



We obtein the- aeeaniL leimiiiBd . in. tkft- faBaipa^ ^^*iT ■ 

'At. ft, f- aie kiiiiwiL.jjBd m i&MHSBinid.aal-IOIii:tQ.IrlfittL(if 

Then eqnalaan- 1 2^ or ' 3) giy«s tzk Ac. At^ amL eqmiiaBK (Ij 
the fCTTWBntn^ axnu 



CHAPTER IIL 

>TEESS 13^ EITGIXE •xUTDm BA£.. 

Eramtde I, — WBafi lAtb^gBnimi^ afemKix: tfak odfiR bar 
of an t^ngxxi&t Tbfi- afenikB^ ia 2J1u ajnt tfaft LeBsSTof tfe 
omin^ctiiig rod 5*5 ft. TSoB^bwria Tim.bBtmd. Iit' 3k in. cfies^ 

a« tWiniddle-i^ itK^apKoi 3 tt^ ajnt idbsK tfa» cai^ s it 
rtfl^ £»glf!s to tbe- Ime- a£ ataoiBi TBb- paesBEft oil tie 
I^iston is 0*5 toooL 

Ib tk;; 45 the c omiBetiiig rod ia Q Q, and tiia ooHik: SC: 
F is the tfamst at tfaeaiuto-faaroBLthfrc 



rf 



^ = -^ 

a'4L 
sHB^ hreadtiL and depAk of & EesstongninEr 

2L. = Zi = 'A' = Z. 

= *l-~-^ where I = sedu. 

•> X L"7o < 3<) 
4 < 7 < '•> 
= 15 ton. 



NUMEKICAL EXAMPLES. 



27 



The above example is taken from practice. The load of 
9^ tons is tiie preasore upon the H.P. piston of a triple- 
expansion engine when starting, the gnide bar being of 
mud steeL In these pag^ we shall, wherever possible, 
give practical examples. We mention thip, as it will probably 
make them more interesting to the reader. 

STBSSS IN BOILEB GIBDER STAY. 

Example IL — ^What is the stress in the girder stay of the 
combustion chamber of a marine boiler, fig. 46 ] The width 
of the combustion chamber is 28 in, and the stays are 8^ in. 
apart from centre to centre, and the pressure per sqaare 
inch is 1501b. 

The three bolts support three-quarters of the pressure on 
the top of the combustion chamber, the front and back plates 



Fig. 47. 




f 
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4 



«^ <bw 6-^ bur 
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n 






Fig. 46. 



Fjg. 4S. 



taking the remainder. The problem is therefore reduced to 
that of a b(»Eim, fig. 47, whose span A B is 28 in, and which 
carries three equal loads w at C, D, £, and 



M, = 15? X 29 x8Jlb. 
4 



The reaction F=^wF. 

The moment at D is 

M = F.BD 



.DE 



= ~w X 14 - w X 7. = 14 t'j. 



125600 inch-pounds ; 



28 NUMERICAL EXAMPLES. 

_ « X 125600 
" li X 04 
« 7850 lb. 

HTUEMH IN BOILEK STAY BY LLOYD'S RULE. 

/Ciuin/dft ///.—What stress is allowed by Lloyd's in 
KirdnrN Nuoh as the above ? Lloyd's rule being as f<^ow8 :— 

L ^ length of girder in inches. 
V -^ pitch of stay in inches. 
I ) <" distance apart of girders in inches. 
(/ •"- depth of girder at centre in inches. 
T "" thickness of girder at centre in inches. 
U - 0,000, if there is one stay to each girder. 
( ) -^ {)»000, if there are two or three stays. 
(J - 10,200, if there are four stays. 

Wo shall assume that 

L=(w+l)P 

wlinfd L ^ the number of bolts, and that the width of the 
combustion chamber is also L. Then the stays will support 
})(itwiiim thom a load 

I<'ir«t, take the case of two stay bolts ; then at any point 
hutweon these the bending moment is constant; the 
rnaotions at the points of support are each 

ri W !(/ 7lF .D . p. 

2 " 2 

in this case » T. D.;> 

. *. the bending moment = /> D P^ 
ami /=M = 0;,DP^ 

'/. T . d- . 

but (,^(L-P)D.L.p 

a- T 

d- 1 
.•.C=/= 00001b. 
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If there are three bolts, we shall find that the greatest 
bendiDg moment, which is at the centre, is 



4 P. 
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. p(L -P)DL_ 
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2/>P2 


D 


.-. L- 






.-./ = 


M 12;>P2D 
Z d' T ' 








but 




C = 


12;;P2 1) 
d'^T 












.-.0 = 


/= 90001b. 








If there 


is one 


bolt— 
M = 


;>(L- P)D.L 

4 
8r>(L-P)DL 









2 (/-^ T 
.-. C^S/" .-./•= 9000. 
Lastly, if there are four bolts— 

M = |;>(L-P)D.L 

. .^M ^ 9 7)(L- P)_I)L 
"^ Z 10 ' rf^T 

.-.0 = ^0/. 

/ = 91801b. 

If the girders are of steel, the above values of C may be 
increased 10 per cent. 

The Board of Trade rules give exactly the same results. 
The formula in this case is 

Cd^T 



(W-P)DL 

the values of C being 500, 750, and 8.')0, because L is in feet. 
W is the width of the combustion chamber in inches, and 
the other three quantities are unaltered. 
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MAXIMUM STRESS IN TRAVELLfWG CRAlTB GIMDBE, 

Emmfde IV. — In a travelling crane of I faet span, the 
load is supported on a carriage which ram npon two similar 
girdeF% the axlea of the carriage being a feet apart, and a 
load of VV toBB coming upon each wheel Find the two 
points where the bending moment is a maxim am, and the 
greatest bending moment at jo feet from one end, ,r being 
leas than half the span. 

Firstly, it can be ahown by a rather lengthy proof that 
to obtain the greatest bending moment at any given point 
on the right half of the girder the right wheel moat be 
npon that point, and for any given point on the left half 
the left wheel mnat be over the point Let ns suppose thia 
proved, and let F be the reaction at A. Then 

^ i 

^ Vif(2l - g -g- g) 

i 

/. bending moment at B = F.r 

_ Wx(2l- 2x -a) 
I 

^ ^MJ^^^^I^^ toot-ton. 

Now, suppose we have a function of df-— ?>., a qnantitiy 
that varies when x varies— and anppoee it can be thrown 
into the form 

A + B^ + C^^ + l)x'' + E^^ + &c. 

Then thia haa either a maximum or minimnm yaloe, when 

B + 2 C .^ + 3 D ^^ + 4 E X a + <fec, ^ O, 

and common sense will generally tell ns whether the 
function has a maximum or a minimum value, although we 
can also find this mathematically. If the reader remembers 
the above fact, he will reap one of the greatest benetita of a 
study of the differential calculus without having the trouble 
of maatering a considerable amount of mathematica that i«_ 
rarely of use to an engineer. 
Here, then, the bending moment is greatest when 

2i x - 2£^ — ax 
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isamaximam, or when 
21 



,', X = 



4 a; - a = O 
/ a 



so that the right or left wheel must be ^ feet from the 

4 

centre of span to cause the greatest moment, which is 

o t 

The ram of the fixed hydraulic riveter, fig. 48a, is Gin. 
diameter, and the accumulator is loaded to 1,5001b. per 
square inch. Allow for the momentary increase of pressure, 




Fig. 48a. 



and determine, by an approximate method, suitable dimen- 
sions for the transverse section of the cast-steel hob through 
KK. Determine also a suitable diameter for the two tie 
bolts, which are of forged steel. 
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We maf asaume the momentary increapse of pressure to b 
2)000 lb. per square mcb, so that the beodmg moment at th 
section k k of the ateel hoi? ia 

M = 2000 X 7854 x 36 x 72 incb-poauds. 

The stress that we might assume for cast steel is 16,000 Ibi 
per square inch, the load being entirely removf'd after 
each application, if we t^ike the figures given in Unwia*! 
" Elements of Machine Design/' Part L, p, 43. But as the 
load is applied suddenly, it will produce twice the streil 
calculated from the formula, 



\ 



where Z^ ia the modulus of the section at ^L Heneet take 
/" =^ SjOOO, and supposing the section rectangular, and neg- 
lecting the effect of the sides parallel to the plane of the 
paper ; supposing also that 20 in. is the depth of the section 
parallel to k k between the centres of the areas of the sections 
of the metal ; then 

2000 X 7854 x 36 x 72 



ht - 



8O0O X 20 



= 25*4 square inches 

where b is the breadth of the section perpendictilar to the 
paper, and t is the thickness of the metal. If the breadth is 
12 in., the thickness will be a little over 2 in. The load on 
the two bolts is 

P = 2000 X 7854 X 3G x \? lb. 

4 

Assuming a stress of 5,000 lb,, we haye 

S^ - 18 

where a is the diameter at the bottom of the thread. 

5 ^ 4 2 in, 

hence the diameter at the top is 



d ^ 



a + 'Q5 ^ £25 
*9 *9 



- 472 in. 



RIVETED JOINTS. 



33 



CHAPTER IV. 

On Tensile Shearing, and Compressive Stresses : 
Riveted Joints. 

strength is the only consideration in the design of a 
int, then there should be no weakest section. One of the 
jfurest approximations to such a case is that of a riveted 
int, although even hem the pitch is often smaller than 
ere strength wonid require in order to prevent what would 
her wise be a leaky joint, and the rivets are more capable 

resisting shearing than the plate to resist the tensile 
ress upon it. The subject of simple forms of riveted 
ints has been sufficiently dealt with in many text-books, 
e propose here to treat of some more complicated forms. 






T«-,«-; 



V 






Fig. 49. 



First let us consider how such a joint as that shown in 
;. 49 might give way. This is a treble-riveted butt joint, 
Lth double straps, and five rivets to one wide pitch of 8 in., 
itable for the longitudinal joint of a marine boiler. 

Thickness of plate = IJ = 1125 in. = t 
Rivet diameter c? = Ij = 1*25 ; area = 1 227 = a 
Wide pitch = 8 in. ; narrow pitch = 4 in. 
Steel plates, steel rivets. 
3m 
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The joint might give way (1) at the wide pitch j (2) 1 
aheftHng of all the riveta, (3) hy shearing of the outer ro^ fl 
rivets at the same time that the pkta gave way at the \m 
of rivetfl next to the wide pitch* 

It is usual to compare the resistance ia each of these ew 
with the resistance of the solid plate^ and to call this ratio 
the efficiency, 

Let/fl = the shearing stress of a rivet 
ff = the teuaile stress of the plate 
P — wide pitch 
P^ = narrow pitch 

Then the Board of Trade consider that 

n ^B 

and that a rivet in double shear la 175 aid strong as a rivet 
in single shear 
The efficiency at the wide pitch is 
p — d 
P 

There are five rivets to one wide pitch of 8 in., so that 
their resistance to shearing ia ■ 

1"75 x 5/jfit, " 

and the reaistance of the nndrilled plate for & pitch of 8 in. 
ia ff p t Hence the efficiency for the rivet section is — 



'84- 



4 



175 X 5 /"s a 



ft p i 



« 1*75 X 5 X If X ,-^'-^ 



1 125 X 8 



m. 



d 



In the third possible case of failure the resifitance of the 
outer row of rivets for each wide pitch ia 1'75 /« a, since 
there ia only one rivet in double shear ; and the resistai^ce 
of the plate at the outer narrow pitch is 2A (jcj^ - d) (j_ 
taking two pitches of 4 in. The combined efficiency ia 

175 f^a ^ 2 ft (v^ - d) t 



1-75 X n X 1-227 + 2 X f4 
8 X 1-126 
== *?83, 



1*25) X 1125 
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The joint might also give way at the butt strap, and experi- 
ments have shown that it is preferable to maVe each strap 
1^ times the thickness that theory would dictate, considering 
its area at the weakest section, which is at the inner narrow 
pitdi of rivets. Let t^ be the thickness of each strap, then 
^e resistance of both straps at that i)itch ia^fttip^- d) 
for 8 in. of plate, and this most be 1| times as strong as the 
plate at the wide pitch where its efficiency is least. 

•'• ^1 = ^"^^lp^% = '8629 = J bare. 

Suppose^ now, we had to design a similar joint for a 
marine boiler, 12 ft 6 in. diameter, pressure 160 lb. per square 
inch, we should arrange that the efficiency of the plate at 
the wide pitch is equal to that of the rivets, so that the 
pitch will not be too small, nor the rivets too large. 

It may be well here to remark that the Board of Trade 
limits the widest pitch to 8^ in., unless specially allowed by 
them after the case has been submitted to and passed by 
them. 

Let D, P, -n be the diameter of the boiler in inches, the 
pressure per square inch, and the least efficiency oi the 
joint; then 

PD = 2A^« 

where ft is the safe stress in the plate ; 

.; = rizA ,',d^p (1 - -n), 
p 

and for equal strength of rivets and plate 

(p-(i)<-175x5x|x "-|!, 

because there are five rivets in double shear to one wide 
pitch, and 

A ^23 

ft 28 

.-. ^^ = 1 75 X i? X -7854 d 



28 
= 5 64 ri (o) 



3C RIVETED JOINTS. 

PD 



,d = 



112^ ft (I— n) 



and /.=-^2720l^. 

o 

i.e.^ 28 tons is the breaking stress, and 5 is the factor of 
safety. 

.^^_d ^ PD ,,. 

Suppose we assume a high efficiency of joint, say 85^ per 
cent. Then 

160 X 160 X 5 
^ ll-2« X 62720 X (Ud)-^ 

= 8-07 in. 
^ ^ ^D ^ 160 X 150 X 5 



I A 97 2 X 62720 X -855 

= 112 

= 1\ bare 

d^ p(l- 7))^ 8-07 X -145 = 117 

The nearest 32nd of an inch above this is liVin., so that if 

p = 8,V, t^lhd^ lA, 

the plate and rivet efficiencies will be very nearly equal, and 
the efficiency of the plate section at the outer narrow pitch 
and of the outer row of rivets is 

2_ft (i>^ - d )t -h l'7o/sa 
~ ftpt 

2 X 2-844 X 1 125 + 1*75 x |? x 1 107 

--- 28 

"80625 X 1 126 

= -88, 

so that the least efficiency is '866. 
The butt strap has a thickness f^, and 

i - 't V - d 
V d 

= A X ri25 = ^||f X -85 in. 
2'o44 

= I in. tare. 
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Eqnation (6) shows that the above method of calcalation 
will make p greater than 8^ in. if too high a value of ^ is 
assumed ; but from equation (a\ if t is not greater than '/, 
then 

— ^- - is not less than 5*64, 

1 - "7 

G 64 ^ is not less than 564, 
or 1 not less than '8495. 

The Board of Trade require that d shall not be less than t^ 
and therefore -n cannot be less than 8495, if plate and rivet 
efficiencies are to be equal ; so that if the assumption of this 
efficiency makes p in equation (6) more than 8Hn., then the 
pitch must be assumed to be 8^ in., and d must be made 

P D 

equal to t --^— cannot be greater than 2 17 if the efficiencies 

ft 
are equal; for if p and -n have their limiting values— viz., 
8J and •8495— then 

^ == 11-28 p (1 - ^)2 = 217. 



" Suppose, 
follow :— 


then, that this value is exeeeded, we proceed as 

PD , 




= V - d I 

V 




^p-u 




p 


and 


21 = 8>, iD. 


*Let 


D = 15 ft. 2J in. = 1825 in. 




P = 1701b. 


and 


fi = 132501b. 




!,"="' 




.•.117 -»»-'>< 
8 6 




.-. ^2 ^ 8-5^ + 9 95 = 0; 


a quadratic giving 

^ _ 85 ± 57 

2 



* See the Bngineer, July 10th, ISiU. 
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O! course we must take the minus sign for the aecond term^ 
which flfivea— 

i ^ 14 = lil ID., ue&rly. 

d = mw.^p'' = 4iin. 

Plate effi^ienry = ^834, 

Rivet etficiencj = "93. 

An example of a pitch greater than Sh in. ia as follows :^ 

D - 15 ft. 1 in. ;;* = 8J in. 

P = 100 lb. ; t ^ d = m 

p^ ^ 4i^fl (iteaiaahip Ophir), 

which may be obtained in the same way aa in the 
example, assuming p = 8| and ft ^ 127G81b. ; or by 
first method, aisumicg an ttHciency of '841Jri, so that d and t 
may be equal. 

FD 

^' ll'IBftH-v)'' 

im X m. 

" IV2H X 12768 X (1505)* 
= 8J^ in. 
d = pd - v) = 8-87o X -loOB 
= 1"335 = lU iii, very neariy 

= 5 C4 d 



Thus 



nt 



r,t^d= Mlin. 

The atrees ft here ehosen ia 28j tons per square inch 
breaking stress, with a factor of safety of 5. 

There is another type of joint much used for the same 
purpose as the above, from which it di tiers only in having 
the pit^3h of the inner row of rivets equal to that of the 
outer row, while the middle line has a small pitch, a^ usual 
There are, therefore, only four rivets to one large pitch, 
instead of five, and, for a given thickness of plate and pitch, 
the rivets must be larger than in the lirst joint, and there- 
fore the efBciency is a tnile less : or if ^ and v are hxed, p 
must be greater than with tive rivets. 

The butt straps are stronger at the inner wide pitch, and 
therefore need only be five-eighths of the plate, for the 
weak section at the narrow pitch is supported by the inner 
line of rivets, and a break at the narrow pitch must be 



A 



SIVBTSD JOINTS. 39 

accompanied by the sheariiig of these to caaie a failure of 
the joint. The following ia a namerical example : To design 
a joint for 1^ in. steel plates, having an efficiency of 
'8325. For equal strength of rivets and plate 

because there are four rivets in double shear, and 

(p_-_d) ^ .332. 
P 
.-. -8325 X lip = 175 X ?? X 4 a 

and d = p{l-v) = px 1675 

.-. d^=p^ X 0281 

'8325XUX28 ^ g.^j^ 
^ 175x23x^x0^:81 
.•.d = 1*375= Igin. 
The straps will be each 

t = — in. 
8 32 

Two lengths of mild steel tie rod of rectangular section 
7 in. by lin. are required to be connected by means of a 
riveted butt joint, with a cover plate on each side. Calculate 
the diameter of the rivets, and estimate the efficiency of the 
joint. 

We may assume eight rivets, four on each side of the joint ; 
there is one nearest the joint, two further from the joint on 
a line perpendicular to the centre line, and one beyond these, 
so that the efficiency of the strap is the same as that of the 
plate. The plate efficiency is clearly 

where d is the diameter of the rivet. Assuming 
/ 23^ 
^^ = 28^^ 

and that a rivet in double shear is If times as strong as one 
in single shear, 

4 X -7854 X 1-75 x ^ d'^ ^ (7 - d) . i . 
28 
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. 4-41 (f '^ + f/ - 7 = 0. 



115, 



'Ji 



^83G. 



V2 



where 772 ia th© efficiency of the riveta. 

V'^ is tne efficiency of the joint, supposing that it may fail 
by break Id g at the narrow pitch, and by b hearing of the 
outer rivet. 

23 
7 ^ *?,/ 175 X 7854 (^^ x ^ 

^^ = -Y- + 7 

7 

The thickness ^^ of the butt strap = J that of the plate, 
because its efficiency ia the same as that of the plate. 

In tigure 50 is shown a form of joint which Is a sort of 
combination of the butt atrap and lap joint The outer 
pitches a and '- are twice as great as the inner pitch b. Let 
/> be the outer pitch, d the rivet diameter, and t the thickness 




jC^ 



ay 



"^ 



Fiii. [lO. 



w 



o! the plate ; we shall show the various ways in which the 
joint may fail, and calculate the pitch and diameter of the 
rivets. 

The plate may give way along the line of riveta ft, and the 
efficiency at this line ia . 

P 
The riveta are weakest at a and 6, both of them being in 
Bingle shear if the plate d m strong enough to pull them ftx»m 
e and/". There are thus three riveta to each wide pitch, so 
that 



1 
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The plate f might break at the middle line o! rivets, and the 
rdw c of rivets might shear simultaneously ; so that 

(p - 2(i) ^ + ~ X -7854 X c?2 = (p - c^) . ^. 

Multiplying the latter equation by 3, and subtracting the 
former from the latter, we get 

3(p - 2c?)« = 2(p - d)A, 

.*. 'p — ^d, 

which will be the efficiency for all three ways of fracture. 
The first equation also gives us 

23 



Z6 



X 7854 (Z = t 
d = 155 t. 



CHAPTER V. 

CoTTERED Joints. 

Another form of joint, in which one would naturally 
expect that some ratio would exist between the tensile and 
shearing stresses to which it is exposed, is that shown in 
fig. 51. It is much used to connect piston rods to crossheads. 
Let 6, ^ be the mean breadth and thickness of the cotter. 
The rod is of wrought iron or steel, the cotter of steel, and 
the socket of cast iron, wrought iron, or cast steel. Usually 
P and D have the same diameter, because the rod when in 
compression is subject to a bending as well as a longitudinal 
stress, and it is therefore unnecessary to increase the section 
near the cotter so that it may equal that at the rod ; also 
an enlarged end requires a split gland for the stuffing box. 
Let F be the greatest force upon this joint, and let Do ^s 
be the diameters of the tapered end at the sections x y, w z, 
which are taken through thn centres of the circles at the 
ends of the cotter section. The tapered end is weakest at 
w z and the socket at x y. The section of the cotter opposed 
to shearing differs but little from 2 h t. 
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= A^{-^(Dr-D,=)-[l), -D.)'} 

where ft, ft ^ are the greatest tRpaile atreasefl on the rod end 
and aockefc at wz and xjf. When F com presses the rod^ 
there is, of couraej no stress on the cotter, but there is a 
hnrsting stress on the socket, which, we believe, it wonld be 
exceedingly ditlicnlt to calculate. The values of /s, r\ and 
ft ^, even for engines of the same class, difter very greatly, as 



xr 



m 



JL ^ 



''^S 



FjG. TpI. 

will he seen by Table I. It m pmbable that they are rarl!^ 
calculated, for, if they are so, it is evident that designers 
mufit have widely different views upon the atrengtha of 
materials. In Table I., c, m, u\ I' stand for cast iron, 
malleable cast iron, wrought iron, cast ate el. Piston rods 
and cotters are all made of steel. The letters C, N stand for 
condensing and non- condensing. In the former case 12 IVi. 
ia added to the boiler pressure, so as to allow 3 lb, for back 
pressure. In the two compound engines the stresses have 
been caicalatpd from the diagrams, H S stands for hori^contal 
stationary j L for locomotive ; P for portable ; H S T for 
horizontal stationary tandem ; and R M for rail mill engines. 
It ia some times stated in text-books that L = 3 5, but in the 
table it ia generally between 2 and 2b. Th** greateat valuea 
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of A ft, and ft ^ for statioiiary engines are 7,840, 1 1,200, and 
1,975; and for locomotives 15,500, 14,500, and 4,010. We have 
m afevcases calcalated A, the pressure per square inch on 



Table I. 



Tj-pec^f engine.. 

H.P, dkmster.. 
L.K diometef . . 

Stroke 

Boiler pWMUre*. 

L.P.a 
L 



6 , 

t . 

D . 

d . 
P . 



e.ji. 


H.e, 


H.a. 


«-a. 


H,a.T. 


9 
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7600 
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4^™ 
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J 020 


laao 


1620 


lf>7a 


762S 


" 


HI 00 


17600 






the bearing surface of the cotter. This is sometimes greatest 
in the rod end and sometimes in the socket. 

To calculate the dimensions of such a joint as this, we 
should first assume some ratio — 



T-= ^' = i generally. 



Then 



r- = 



2fs' 



so that t and b are known. 
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D, t^ 



ft 



is a quadratic, from which D3 may be found. If D equals 
Di, and L is assumed at from 2^6 to 36, this gives the 

Table IL— Dimensions of Locomotive 
Crossheads. 



Diametei of cylinder..! 19 

Stroke 

Pressure 

A 



B 
C 
D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

O 

P 

Q 

R 

S 

T 
U 
V 

w 

X 
Y 

z 



19 


17 


16 


16 


15 


26 


24 


24 


22 


22 


150 


150 


150 


150 


150 


3 


2} 


28 


2i 
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21 


2i 


2i 


24 


2^ 


2 


li 


H 


i 


8 


fi 


Vk 


5i 


41 


4i 


4i 


45 


2} 


2i 


2i 


21 


2 


18 


11 


If 


li 


U 


8 


3 


3 


21 


2i 


3 


8 


3 


3 


2g 


6 


51 


6 


61 


5 


2i 


2J 


2J 


21 


2i 


3J 


3 


3 


2i 


2} 


18 


If 


li 


U 


H 


14 


10 


10 


lOi 


9 


lU 


Hi 


\n 


lOi 


10 


i 


J 


i 


i 


A 


h 


h 


} 


i 


4 


1 


I 


2 


} 


A 


Oi 


(Ji 


6 


6} 


61 


h 


5 


h 


h 


i 


2g 


2J 


2} 


2i 


2i 


n 


1| 


U 


U 


u 


c.v 


6i 


CS 


6i 


5J 


u 


U 


2 


IJ 


U 


r..| 


•''1 





5} 


61 


43 


4? 


43 


4.^ 


33 



dimensions of the taper end. [Dx may^then be calculated 
from the formula — 

Z 



|(D,2 - D^^) 



(Di - Do)^ = 



/V' 
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1^2 being first obtained by construction. Table II. ffives 
toe dimensions of locomotive crossheads of the type shown 
mfig.-62. 

Around steel bar, whose diameter is 1 in., is loaded with 
3 tons, and the end which is enlarged is cottered. Determine 
tile thickness t of the cotter, its breadth 6, and also the 
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diameter D of the enlarged end of the rod, so that the stress 
in the cotter may be 7 tons, and the bearing pressure not 
more than 20 tons. Let d be diameter of the rod ; then, if /is 
the stress per square inch, 

DO ... . (1) 



where 



4 4 

= 8 tonF, 
f%ht^^ tons, 

/« == shearing stress in the cotter. 

Iht ^ 4. tons (2) 

20 ^ D = 8 tons (3> 
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From (1) and (3), 






4 = 4^ 20' 




•7854 V '*^*^ 20. 




= 1-51 




D = 1-23. 


From (3), 


^ _ « _ 8 


20 D 20 X 1-23 




t = -325 




b — * — 1*765 




" 7 X -326 ^ '^^- 



To work out the proportions of a cottered joint, the rod 
having a tapered end, given that ft = 8,900, /» = 9,500, ft ^ 
the stress in the boss = 2,500, ^ » i^ 6, P » 3 in. (See fig. 51 
and Table I.) 

2fsbt^ft (^Ds^-Da^) 

= /,! [^(D,2 - D,2) - (Di - Da) ^] 

.-. 19000 X \\b^ = 8900 X -7854 x 9 
whence 

b = 2 92 ; < = xV ; 6 = 1135 ; 
ft ('7854 Da^ - Da = 19000 x /^ x 8*5 ; 

.-. -7854 Da^ - 1135 Da = ^^ x t\ x 85, 

8900 » - 

whence D3 = 38 very nearly. 
Allowing for taper, let D2 — 4 in. 

2500 (-7854 {Di 2 - 16} - {Di - 4} x 1135) 
= 19000 X rV X 85, 
whence Di = 7 42 




working stf eases, which depend ipon forces with which at 
preient we are not dealing, but they are probably the beat 
aids in the design of the rod, as these forces are very 
difficult to calculate, and if mathematical formulae for them 
were fouiid, they would be quite unauited to practical men. 
The following is the method of calculating these stresses in 
the case of the rod for the cylinder, 17 in. diameter, 24 in. 
stroke. 
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Figs. 53 and 54 show the large ends of all four rods, 
the small ends of the last three. The load on the rod w< 
have taken is — 

ir>0 X 175 X 7554 =34000 lb., 

neglecting obliquity of rod ; f^ is the stress in the strap il 
the thinner part— 



'- = .7^ 



34000 



2 75 X 1*75 X 



= 35301b. 




Fio. 54. 



The mean diameter of the bolts is 1*312, and therefore the 
stresfis ^2 ii^ the strap at the bolts is — 



A = , 



34000 

5 X :2"x 14:^8 



= 4725 lb. 
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I Bheaiing streaa /« m the bolts is— 

' 4 X-7854 X im2- 

bere ia also a bending Htreaa in these boltSj but it is not of 
^ much importance ba the ahearing atreas. At the thinner 
kdf where the bolt projects from the rod enda^ its diameter 
I nearly Ij in. ; and assuming that the load is uniformly 
istributed ov^er the 2i in. in tm strap, the streas caused by 
Bndmg ia— 

(The modulus of a circular section is ^ iP where d is its 

Umeter.) 

This is leas than A, and, aa all cotters and pins in shear are 
lore or less subject to bending, the mean shear Lng streaa 
lay be uaed for purp03es of calculation rather than F» 
loreover, it is proveti in CotfcerilFa "Appliedt Mechanics," 
rticle 188, that the distribution of shearing stress is not 
Lniform over a circuUr section, but at the diameter at right 
•xigka to the plane of bending is 1^^ of the mean, so that the 
aaximom shearing a tress is 8,400 lb., and aa this is greatest 
^here there ia no bending stress, and decreasea aa the 
>endmg increasea, it is safe to take the larger stresa of the 
'WO alona In a rectangular section the greatest shearing 
Ftr^a is alec at the centre, and is 1^ the mean. A hole is 
^ade in the rod end, which is circular or rectangular. This 
ightena the end. The section on either aide of the hole is 
! in. by 2f in. broad, and as this is reduced by a bolt of mean 
liameter 1'312 in., the stress 

^P ' 4 X 1'438 

the strap ia thicker where it croaaea the centre line, as this 
Jortion has to resist a bending moment whose magnitude 
a unknown, because the distribution of pressure is unknown. 
I it were unilormj the case would be that of a beam, fig, 55, 
,he load being upon 8^ in.» the height of the braaaea and 
•he supports being taken at a distance apart equal to that 
ii the centres of thfi upper and lower ptrts of the strap* 
jet Ft be the streas, M the bending moment at the centre, 
tnd W the load. 
.4jm 



L 




This is far greater than it conld be reasonably expe 
bear, aad shows that the load tun at be distributed unf 
less in the centre, and more towards the ends E F. 

A = %^- = 3550. 



It will be seen that in Table II, 

^ = 1-335 to 119, 

the mean value being 1"27L 
If the shearing force at thia section were "-* the | 

possible, then the stresses would be 3,17, 2,870, aaad 
the four examples here given. 
The stress in the large end of the rod itself is— 




f.= 



330(10 



.J«00,- = 4470, 
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. In the small end Of the rod the 8tre«8 is- 
34000 



61 



/6«, 



6700. 



34 X If 
Table IIL (labgb end). 



Diamete, 



of cylinder . 



PressufQ 
A... 
B.. "*•• 



C. 

D. 

E. 

F.. 

0. 

H 

I . 

d 

K. 

L. 

M. 

N... 

0... 

P.. 

0... 

8... 
T... 
U..., 

v.... 

W... 
X... 
Y.... 
Z.... 

/,.... 

/» ... 
/,.... 

ft'-' 



18 
2H 
160 
li 
U 
8 
88 
8» 
U 
Ti 
li 
3 
4 
77 
53 

C8 
bfi 
I 

li 

n 
n 

2i 
2 

31 
8i 
} 
4235 
4500 
7050 
4560 
4S40 
4500 



17 
24 
150 
li 

• U 

Si 
13 
7 

1! 

2} 

74.i 
6S 

ej 

i 

16i 
2i 
IH 

2i 
2i 
518 
4i 

i 

3530 
4725 
6300 
3550 
4470 
5900 



[n the strap the stress is — 

34000 



16 

24 

150 

u 

3 

8 
U 

li 

3 

4 

68 

<>-)- 

J 

I 

n 

14J 
2J 

li 

4 

2i 

1! 

6J 
81 
f 
3650 
3760 
5575 
4410 

so-^o 

3870 



/•7 = 



= 4120. 



15 

20 

150 

U 

1 

'4 

6i 
6J 

U 
6 

lA 

2i 

33 
54i 

48 

4J 

7i 

None 

3 

Ig 
112 

13 

IS 

3g 

2J 

li". 

4J 

2§ 

4040 
4340 
7950 
5100 
5320 
4335 



3 X 2 X 1§ 
n the thicker part of the strap at the bolts 

h = 5120, 
nd A is calculated for the small end in the same way as 
3 for the large. 
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In the fourth column of Table I. the engine referrei 
h&g a connecting rod whose large end is similar to tha 
fig. 53. Here the values of />r, /"gi /"s» A are 4,500, 4. 
4^080, and 2j870. In the second column of the same tabic 
connecting rod has a strap, pib, and cotter, and A, A, /*. 
are 3,980, 2,780, 2,630, and 1,885. 

Table IV. (small end). 



Diameter of cylinder 

Stroke 

Pressure 






17 


16 


15 


24 


24 


20 


150 


150 


150 


n 


lA 


lA 


1t\ 


n 


1 


3i 


2i 


*4 


4 


4 


3i 


33 


8i 


3J 


1 


J 


t 


3 


8 


23 


Ig 


IS 


1 


3 


3 


2V 


74J 


68 


54i 


82 


7i 


C| 


A 


h 


None 


} 


1 


8 



HIS 
2 

li 

3J 
2 

1| 

i 

G700 
4120 
5120 
3070 
8140 



U 
lOi 
13 
li 
3 
li 
If 

i 

6700 
4460 
5380 
4060 
8640 



U 

IS 

li: 

2i 

u 
i 

7710 
5300 
4900 
4:530 



In Table IlL/]o ia the streBS at the centre of the rod "9 
it lain compreflflion. The method of calculating this 
be explained later on. The valne of fio for the first ro 
Table III. is not given in Table IV. ; it is 8,150. 



MABIHB CONNKGTINO-EOD ENDS, 



63 



CHAPTER VIL 

f la 56 showi a type of rcjd end used for both stationary and 
oarine engines, bat ipokeo of by the abo\^e nama In thia 
oolt« and a, cap replace the strap. In Seaton^s '* Manual 
^^ Marine Eogineering" the streaaea are calculated by 
asiuiuing the load on the rod to be the prodnct of the boOer 



*t ~ -> 






-n — - 



— 9- 



.-/-i— , 






.jr_i ^._.^ 



hf- (7 -44^ - 
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pressure and the area of the high-pressnre cylinder. For 
wrought-iron bolts the stress is given as 5,000, and for steel 
6,500. the weakest section of the bolt being at the bottom of 
the thread- In practice, howeverj the stress varies consider- 
ably, as may be seen by Table Y., in which M. T. and M. C. 
are marine triples and compounds. U, S, N. refers to triples 
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United States Navy, and H, S. are horizontal 
Iry non componnd engtnei ; oae of them bein^ a 
liBg eDgme, 12 lU has been Added to the botier 
a The stmag in the bolt ia /\ the diameter at the 
of the thread being that of a Whitworth bolt in all 
HmoB except those niark«d U. 8. N.j in which the 
W is taken from a table of Sellers aerewa. The stress 
mall end of the rod iay\, and /^ is the stress at the 
calculated by a formula whicn takeg into account 
fth of the rod, and which we shall explain presently. 



% 



^ e 11 



-^6 



'•i 



e- 



^^ 



WiQ. 57. 

mercantile marine, connecting rodi are generally 
>f scrap iron, but in the navy forged steel is nsed, 
stresses allowed ara generally much greater. Table 
IB the dimeDBions of this type of rod end, the letters 
g to those in fig. M. The letters ^ Uf v^ w refer to 
;e metnl strips : t la the thieka^as, lu is the number 
I, and u V givea the widths outside and inside the 
These atripa are oist in place, and project iV in. to 
i the *^ brasses'^ are frequently mad© of steel In 
J. they are made of brass. 
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The cap may he treated as a beRm which haa a span d^ and 
13 probably uniformly loaded. The streaa f\ (Table VI.) ia 
calculated on this aseumption. In the tint four cases it 
does not ditiier much from \\0Q0 lb. The thictnesa c o£ the T 
end of the rod is generally made from | in. to i in. thicker 

Tablb YI, 



Diam.oiaP.CjMi*. 
Stroko H .....-..», . 

Proaeure . > , * ^ . 

d .-.♦*... ., 

t ., 

c w , 

d 



. 
P - 

r . 

t . 
v . 

w . 
/a- 
/*. 
P . 



2.^>& 


m 


36 


& 


19 


ifH 


27* 


IG 


H 


45 


1€ 


96 


86 


pe 1 


IftO 


m 


00 


1(50 


m 


100 


(toe 


H 


H 


*h 
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n 


H 


J4 


m 


iH 


14 


n 


isi 


iH 


» 


^ 


G 


H 


u 


s 


H 


4 


m 


m 


IS 


5! 


m 


IS 


H 


m 


32i 


35 


»i 


m 


m 


m 


in 


le 


la 


4 


H 


n 


H 


H 


& 


31 


H 


n 


n 


n 


n 


SI 


8 


2i 


4} 


Ti 


^i 


SI 


H 


3 


8 


. 3* 


2 





s^ 


la 


S 


as 


fl 


M 


5 


fil 


Ti 


6 


i| 


»i 


fii 


H 


12 


Mi 


131 


5 


3 


Hi 


& 


1<J 


m 


Hi 


a 


lii 


13i 


S4 


(Ml 


1^0 


WJfi 


m 


r^i 


Ti 


so 


21 


SI 


8 


I 


i|i 


2! 


Ifl 


2i 


4 


S 


1 


il 


21 


a 


a 


1 


i 


iaUd 


tj 


1 
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li 


li 


U 


iolid 


1 


1 
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^ 


1 


1 
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It 


21 


£ 
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— ' 


li 


21 


H 


— ' 


n 


2 
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u 


14 


s 


— 


6 


S 


— 


&SGO 


aOfXJ 


flTTi 


6340 


O0OO 


8OO0 


9m 


53M) 


S330 


753t} 


5000 


lOTao 


DOOO ! 


oaoo 


E45 


fiSO 


310 


401 


574 


520 


825 



12 

16 

80 

l| 

ei 

10 

II 

24 


4 
SI 

4! 

3f| 
1 

n 

t 



0000 

QtOO 

420 



I 



* Horizon tAl Statkiiiary Ouiidtiueing Etig'lne. 

than the cap, as the load^ when the rod is in tension, 

concentrated near the centre. Itisdifficultto say what is 
the greatest stress in this part. If W is the loadj f^ hm 
been calculated from the formula, 



J 
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The mean of the first four valaea is 5,927. We have not 
indaded the fifth and sixth colnmns, as the stresses in these 
rods are higher than is nsual for the mercantile marine. 

W 

/. 7n 

and is the pressure per square inch on the crank pin. It 
lies between 400 and 600 for marine engines. 

Table Vll. 



Diameter of H.P. Cylinder. 

Stroke 

Pressure 



A. 
/-. 
A- 
V . 



8(5 
lUO 
2| 
53 
2i 
7 

11 
4 
2 

4| 
44 
28 
43 
5 

76J 

1^ 
2 

i 

solid 

Sh 

9i 

23 

4i 

4900 

6400 

4640 

1160 

8820 



25J 


31J 


45 


54 


160 


180 


2i 


3} 


8J 


11 


3i 


4 


11§ 


ISi 


16i 


2U 


6i 


8 


2i 


33 


6| 


8 


5J 


8 


H 


5^ 


6| 


&I 


8i 


11 


94.^ 


120 


IJ 


23 


2 


23 


f 


h 


3 


1 


13i 


uh 


18i 


20i 


8i 


4| 


6f 


8 


4430 


3800 


12600 


6320 


4910 


4500 


930 


1000 


5100 


6100 



27 

48 
160 

n 

3i 

lis 

163 
6 

n 

6 

5} 

4g 

n 

83 
105 

lis 

24 

4 

solid 

13 

20 
34 
7 
4600 
9000 
6100 
1130 
7300 



One form of small end for a marine connectiDg rod is 
shown in fig. 57, and Table YII. gives examples. The fork is 



MAEINB CONNICTIHG-EOD EHpS. 



generailj^ looger, like that in fig, 58. The stress in the bolts 
IS /st which should be less than that in the bolts at the large 
end, as the load ms^f come more upon one pair th&n the 
other. The stress in the cap is /o, calculated in the same 
way as/g. 

The stress /r in the T end is calculated from the formula, 

^ 1 






which gives the stress due to bending at a distance ~ from 



its centre^ 



-#» 



and is the pressure per square inch on the crosshead pins, 

which is from 900 to 1,200— 



pm^ 



being the stress caused by bending in these pins. 
Table TIIL 



Dlani. tff B.P.Cjlai. 

Strtikfl 

Prefifttiru , . . . 

A 

n 

c,.,...„ 

u 

B.,. 

F ,.... 

G 

H 

Jf *.........-. 

Revsp ,. 

fi-' ^ ^ 

/^'^ 

fi^^^ 



Id 

u 
2i 
u 

4i 

2i 

1430 
4270 

nm 



S2^ 

m 

81 Si 
7 



1&4 

H 

urn 

ina 



01 
ISi 

12 

H 

1140 

70 

1476 

14G0 



4S 

00 

4 

11 

ei 

10 
3 

7 
14 

laao 
72 
2170 
03QO 
14S0 



mi 

39 

150 

34 

14 

n 

10 
2| 
Gi 

131 

a 
lacto 

lao 
as40 

S570 
3150 



27 
27 
l&O 

lOi 

a* 

12 

m 

mo 
no 

3030 

a4(io 



12 

1(J 
so 

li 

Si 
2| 

u 

21 
5 

IflSO 
a4T5 
1000 



a07 

2745 



!S5e 



* Hollow ^idgeou, intornBl dUoieter 3^ la. i HorEaocttal «t«ttDaar7 e 
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Another form of small end for the connecting rod is shown 
in fig. 58. Dimensions are given in Table VIII., the fifth and 
sixth columns being taken from craiser engines. In these 
it will be noticed that /1,/21/s are very high, but p is not 
very difierent from the values in the other colums. If W 
is the whole pressure on the high-pressure piston, calculated 
as before, then 

W 



B.C 



I , I . 1 




Fig. 5S. 



the bearing surface of the gudgeon being B.C, and p the 
pressure per square inch. The stress in the fork is 

W 



/i 



2E.F 



m 
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thfi aection very being nearly E F at pach eide, the fa^i 
it is turned making it dilTer slightly from thia Tfilae- 

f ^ ri3 ^ W.f B + gA) ■ 

^-'S2^ 8 ™ 

givi^s the bonding atreai /^ in the gndgeon, ^ssmnmu 
tKa load W is uniformly d"i at ri bated over a length B, 
that the reactions have their resaitants at a distance B 
from one another — ie , are at the centres of the eyes. 
The itreas in the metal round the pin is 

/ - ^^ 4 

If we try to work out proportional dimensions for 
f ortn of rod end, we shall hnd that wa must assume diffe 
values of pt /, itc,» for every type ol engine. We J 
already shown that the engines of a cruiser, where 1 
speed and tightness are required, weights are reduces 
much as possibte, and stresses are therefore much higj 
but bearing surfaces cannot be reduced to any great exi 
Kupj^ose, then, that we have to design a rod end toi 
engme of the mercantile marine, we may proceed aa folic 

Lit W = 2000 X 7854 H^ 

■o that the stress in the small end of the rod when in 1 
is 2,(400. Tbaii 

W = 2040 H^ 

Assume F - 1*2 H, and/j == 1500 ; 

3000 X 12 
Assume A = 07 H, 

p - 1100, 
and C = 115 H. 

Then 15^ ^W 

r 

,^_ 2040 H ^ift, TT 
-^"U00xll5 = ^^^*^- 

If f^ had been too great, it would ha^e been necessar 
increase C and decrease B. It is di:GScult to say when ^ 
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too Gpreat, if we judge by examples from practice ; but in all 
probability it shoald not exceed 5,500. 

Gadgeona of case-hardened wrought iron have been found 
to work better than steel. 
To find G, let/s = 1500. 

.-. 3000 A (G - C) = 2040 H^ 
2040_H 
3000 X -67 
= 1 015 H 
G = 21G5 H = 1 88 C. 



G - C = -^^^ 



CHAPTER VIIL 
On the Compbessign of Long Rods by Longitudinal 

FOBCES. 

Figs. 59, 60, 61, and 62 show four ways in which compressive 
forces may act on a long bar. In fig. 59 the ends are fixed 
in the direction of the load, a practical example of this being 




Fio. 61. 



Fi(i. 62. 



a piston rod. In fig. 60 the ends are only guided in the 
direction of the load ; in fig. 61 one end is fixed and the 
other guided in the direction of the load ; in fig. 62 one end 
is free and the other fixed. 
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If E iH tBe modulus of elasticity in poandg, I the leDg 
in inches, and P the breaking force in pounds, then in tig. \ 
according to Ealer, for rods of uniform aeotion — 

PA — *> ^* t . 

P - 2 ^^ ^ ? J 



in fig. 60, 
in fig. 61, 
in &g» 62, 



r^Et 



If in figs. 59 and 62, is the least motnent of inertia of the 
section, and in figs. 60 and 61 is the moment of inertia about 
a line through the centre of area of the section , at ngbt 
anales to the plane o( bending. 

The values of E are 29,000,000 for wrought iron, 30,000,000 
for Bteel, and 17,000,000 for cast iron. For the safe load 
aubititnte ?i E for E, the corresponding values for thin being 
5,800,000, 0,000,000, and 2,800,000, according to Prof, Unwin 

This formula is, however, only suitable to very long roda, 
in which the increment of stress caused by bending is very 
much greater than the safe crushing stress per sqnare incb. 
We can show this by taking an extreme case. Suppose, in 
fig. 60, that the depth of section is k and the breadth h^ ssd 
that the plane of bending is in the direction of the deptb. 
Then, if ^ hi% kept constant, and h increased, the x^alue of I 
will increase, and P also ; and as k may be increased to auy 
e latent, so also may P, which is absurd if h h is constant 
The rod may be HUpposed to be prevented from bending in 
the direction of the breadth by two smooth vertical planea 

The following formulse (Gordon^s, Seaton^g, and Graahof ^s) 
are more suitable for practical purposes. Gordon'^ formula 
was modified by Rankinp, and represents the results of »n 
extensive series of experiments by Hodgkinson. Here W is 
the breaking load, I the length, A the area, / the coefficient 
of strength, h is the depth of section in the direction of 
bending, and n is a coiiBtant in the formula— 

I - « A A^ 

all dimensions being in inches. 



W = 



/A 



1 + 
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The following table gives Tallies of f and c : — 



G3 





/ 

86,000 
42,000 
80,000 


C 






Pig. 59. 


Fig. 60. 


Fig. 61. 


Wrought iron 

Steel (mild) 


86,000 
86.000 
40,000 


»,000 
9,000 
1,(500 


18,000 
18,000 
3,200 


Cast iron 





If the section is rectangular n is rV, and if circular ^, 
In fig. 54, for a circular section 



w=-J:A. 



1 + a 



where d is the diameter of section, and a is 2777 for both 
wrought iron and steel For a rectangular section 



W = 



- /A 



1 + a 



I' 



where 



a = UTrVr 



For fig. 60 change a to 4(z, and in fig. 61 a to 2a, in the 
above equations. 

Seaton's formula is only suitable for rods of circular 
section ; P is the safe load usually taken as the boiler 
pressure multiplied by the area of the H.P. piston. S is the 
area of section, d is the diameter at the centre, and I is the 
length. Then for a piston rod which is in a similar 
condition to fig. 59, 

/S 



P = 



1 + a 



d' 



Seaton takes 
and 

For connecting rods E = 



f = 3000, 
l + 4a 



^1 
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aa theee are simitar to fig. 60. R is the resultant of F and the 
presanre on the shoe, and for rods which are only twh 
the length of stroke 

R = 1-03?, 

HO that it is umal to take P instead of R. 

Graahof'a rules are as follow : P ia the safe load, and /"i A 
are coefficients of strength, and A, I, ^ are the aame as 
before. Then, for hg. 5ti, ~ 



or 



1 



and for £g. 60 




or 



the lesser of the two values being; always taken. 

C C 

Steel..... 5,000 5,000 

Wrought iron... S.COO 5,t>00 

Cast iron 10,000 2,400 

For circular sections the above formuUti become — 



/i 
12,000 
10,000 

3,000 



12,000 
10,000 

12,000 



p_ /A 

1 + ^' 



For fig. CO 



P = 



1 + 



/A _, 



where a is m^T for wrought iron» and tAtt for steeL 

If the section is ret tango lar, and h the depth in the plane 
of bendiDg, and & the breadth — 




and in fig. 59 P = 
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/A 



,^3r^ 



In fig. 60 ^^-TW-' 

where C is 5,600 for wrought iron and 5,000 for steeL 



CHAPTER IX. 

Connecting-rod Ends. 

In Table V. /'2t and in Table IV. Aoi ^av© heen calculated 
from Gordon's formula, so that if P is the boiler pressure, 
D the diameter of the high-pressure cylinder, and d, I the 
mean diameter and length of the rod in Table Y., 

^2 ~d^\^22b0 dV 
and in Table IV., 

P-D2 

where h h are breadth and depth of rod at centre. 

In the columns in Table V. marked U.S N., the stress is 
slightly underestimated, as the rods, to save weight, are 
plimed at the sides after turning, so that the width is 
reduced to that at the small end. This will not make 
much difference at the centre in the resistance to direct 
crushing, and far less in the resistance to bending, which 
depends on the moment of inertia of the section. 

We can now show how to design a connecting rod for a 
marine engine. It will be best to take a numerical 
example. Let the pressure be 1601b., diameter of high- 
pressure cylinder 20 in., length of rod 72 in., and diameter of 
crank pin 10 in. The length m of the bearing surface of 
the brasses may be calculated by assuming p from 520 
to 550, where p is the pressure per square inch of bearing 
surface. 
5m 




Let the stress in tbe two bolts be 5,000 lb., and A be the 
iectional areft at the bottom of the thread ; then^ 

lOOOO A - W - 50200. M 

A -- 5-02, ^ 

The value of A for a 2|in. bolt ia 4'4637, and for a Sin. 

bolt is 5*449. The topeo ot these, 4 *156j will therefore be the 
sectiOQ of a25iii^ boh, which will make the stress a trifle 
over 5,000 lb. The pitch of the bolts is— m 

where a; = thickness of brasses or packing piece between pin 
and bolti 

= 5^fl in. for a 12| in* pin. 

J in, for a 9^ ia pin. 

i in, for a 6^ in. and 4 in, pin. 
Here, then, 2 x will be 1 in., and 
d ^ 135. 
The diameter H of the small end o! the rod ia given by 



IT. P D'^ 



where 



!6n pin 

i 

by 



P = boiler pressure = 160 lb. 
D = cylinder diameter = 20 in, 
and /i may be taken between 2,300 and 2,800 ; ilf^ = 2,600* 

g ^ / IGO X m^- 
J ' 2600 
= 5 in. very nearly. 

The diameter H^ at the centre may be calculated from 
Gordon's formnlaj 

f PDVi _L 4 L^ \ 
^^ ^ Hi^^ V "^ 225rHi V 

where L is the length of rod. 



CONNECTINO-EOD ENDS. 

This may be thrown into the form — 






(l+yi + 2l-3V^.) 



6000 

if A = 3000. 

It is easy to manage the above formula toith a slide ruhy 
although there are two square roots to be worked out. 

Hi = 5-32. 
Then, since H = 5, 

h = 5-64 = 5J in., 

because the rod is conical. 

There is no fixed rule for h In Table VI. the values of 
klh are 116, 137, 1125, 14, 1-26, 1*2, 105, and 16. Suppose 
Tcfh is 115 in this case, then h will be 6^ Id. 

To calculate c, assume f^ = 7500 ; then 



' W {d- h) 
5000 k 



"J 

= 3-57 == 3f , say. 
To calculate a, assume 

A = 7500 



a = 



n/ 1000 A; 



= 3 '29 in. = 3 J in. very nearly. 

The dimension h can be taken from Table VI. The nearest 
diameter of crank pin to the one we are considering is 9§ in., 
and for this h =» 13^ in., so that in this case we may make 

h = 13§. 

The white metal strips may be taken from the same 
column. They will be six in number, each J in. thick, 3 in. 
broad outside, and 3g in. inside the brasses. They may stand 



es 



CONNECTINQ-KOD ENDB. 



out I in. from the brasses, and m&j be held more final 
the braoBBB by a dovetail at tha back, fin. thick, increi 
in breadth from li in, to 1^ in, 

In stationary engines we frequently fiad connecting 
enlarged in the middle. A few examples are givoi 

Table IX. 



Type.. 

H. 1\ cylinder , 

L.F. iz^rlin^Hr * **,.,.. 

etroke 

BoUer pnessUT^ .. 

Length of rod , 

Biumciter at e-mail eud ....,, 

0lAm@tar ub middle ^ 

Diameter at lorge end ► . . . . 

A 

fM^^ ^ -- 

U **-■**. - 

Max. pressurei H.P.O. 

Max. pruisure L. ?. 0. 



B[.t4. 


H.9. 


MM. 


14# 


13" 


m 


1 _ 


224 


- 


30 


31 


120 


ma 


' m. 


SO<r 


90 


60 


Sid 


2| 


n 


s 


4 


3* 


12 


3i 


n 


e 


3430 


3 400 


aaoo 


2140 


34S3 


2283 


184& 


asio 


isgo 


- 


65 


- 


— 


it 


— 



H.8, 
2H 

Ti 

ISEJ 

(t 

S 



2LO0 



* Cranks at lijjht angl&H- f Taudeiii* 
li.S, = burl^outal iftutlonaif . 

Table IX, The greatest possible load has been takeii 
each case for calculatincr the stresies /^ at the small 
f^ at the large end, and/^ at the centre, which last has 
obtained by Gordon's formnla, 



PISTOK BOPS, W 

CHAPTER X. 

Piston Eods. 

^sbon's formula may be used for calcul&tmg the diameter 
^f a pbtoD rod. Jn some cases it may be treated aa if it ia 
ftsed at both ends ia the direction of the load> a, oaartne- 
^Agiae rod beiDg an example of this, and in others as if it ia 
tix&tl at one end, and at the other merely guided in the 
flirection of the load. Figa. 5IJ and 61 illuatrate these two 
cases. The piston end is the lixed end, while the croaahead 
snd may only famish a pin joint, as in the case of the loco- 
motive croashead» fig. 52. 
la the foTmer case, if /g ia the atreaa in the rod, 



I 



,!Uid in the latter 



A-^;;: (i + *^5u,fO 






In engines for warships /^ ^^F ^^ ^^ ^^gh as 4^500 lb., but 
h the mercantile marine we have found it as low as 2,2001b., 
and rarely mote than 3,000 lb. The stress /i in the sere wed 
end (Table X.) may lie between 7,000 and 8,5001b. for war- 
ahipa, white in the mercantile marine it does not much 
exceeed 5^000 lb., and is nanally leas. 

In Table X., U.S.N, refers to crnLsera in the United States 
Navy, all triple-expansion engines ; H.M.S. to the same in 
the British Navy ; M.T., M.C, are marine triples and com- 
pounds ; H.iS. stands for horizontal stationary engines ; 
L. for locomotives, and V.P, for vertical pumping engines ; 
H.T.B- for horizontal triple-expansion stationary engine, 
and P- for portable engine. The letter r against the boiler 
pressure means that the engine ia a simple condenaing 
engine, and 12 Ih is added to the pressure in calculating the 
stresses. Where the latter equation for /^ mu^t be used, the 
mark t haa been placed against the diameter of the piston 
rod. In the line *^ Length and breadth of shoe/' if there are 
two side blocks, twice the width of one haa been given. No 
one has yet given any satisfactory rule for calculating the 
sizes of these, and experience is our only guide. If the rod 
is gx;ed at both enda in the direction of the load^ Lt;s length 
ia measured from the point where it leaves the piston to the 
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point -wliere it enters or is forged to the crosshead ; if there 
18 a pin joint, as in fig. 6L its length is from the piston to 
the centre of this ioint. In the marine engines given in the 




Fio. 64. 



table, the connecting rod is about twice the stroke, and in 
the locomotives aboat three times ; the lengths have been 
given for the remainder. 

In fig& 63 and 64 two forms of marine crossheads are 
shown suitable to the connecting rod ends in figs. 57 and 58. 
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CHAPTER XI. 

Steesses Causbd by Bending combined with 
Tension or Compression, 

Suppose a force P acta parallel to a rod B C, fig, f>5, then' 
two equal and opposite forcea P may be placed at C, as 
shown, without caaeing auy alteration. We therefore have 
a couple P 7^ and a force P acting on the section at B, whose 
moduli are Zt Ze for tension and comprasBion and area A. 
Then the stress caused hy the direct pull on the section is 



and the two stresses caused hy bending are ft A, where 
/ Pf*. ^ Pr 

The total tensile stress is therefore /i + /'i at the right 
hand, and the total compressive stress is /c - f^. In fig. 436 




Y_. 




Fiu. Gfh 



Fio. (J6, 



\ 
I 
± 

I 
I 
I 

Fia. 67. 



the action that takes place is shown graphically, 
depends on the form of the section whether the tensile or 
compressive stress is the greater. 
If the forces in fig. 06 are reversed^ then 



/ P^,«^^, Pr 
fc = ^^ and/i =2;^! 



4 



hut fi is greater than — , because the rod is in compresdion, 

A. 

and must be calculated by Gordon^s formula. 




WITH TENSION OB COMPRESSION. 75 

If at any section of any part of a machine there is a 
bending moment M, and a longitadinal pull F, acting 
through the centre of area of the section, then the stresses 
are 

P \f 
A = A- + fi~ ^^ tension, 
A Lit 

and fz^ TT^ X *^ compression. 

i^c A 

If P is compressive, and /i is the stress calculated by 
Gordon's formula, then 

/2 = rz — /i '^^ tensiop, 
Lt 

fs^rT + fi^^ compression. 
Ltc 

The following are numerical examples of the above 
equations : — 

Hxample 7. —A T piece of iron, fig. 67, is subjected to a 
longitudinal puU, which passes through the centre of depth 
of the web. Determine the ratio of the greatest stress to 
that which would be obtained if the line of action of the 
pull passed through the centre of area of the T section. 

It may be easily shown that the centre of area g is 2| in. 
from the end of the web, so that the moment of the pull P 
is F . ^ A where gr A = j in. 

The greatest tensile stress will evidently be greater than 
the compressive, and will be at the end of the web. Also 
Zt = 2*2 inch-units ; 

If P had acted through the centre of area of the section, the 
stress would have been 

P ^P 

A 3' 

The ratio required is therefore 2 022. 

Example iL—A steel stay for a marine boiler is 10 ft. 
2 in. long and 3 in. diameter. The pressure is 1601b. per 
square inch, and the area supported by the stay is 306 
square inches at each end. It is held to the end plate by 



1 




TO STM9SBB DTJB TO BBNTUNG, 

nata, with waehers inside and otitside. To find the Btresfl 
the stay, ita weight per cubic lach being '291b., and ^ 
sectional area at the bottom of the thread b^mg 5 "45 sqi 
inchea, and its diameter 2 635 in. 

We muat here consider two possible cases. Firstly, i 
may treat the stay as a beam fi,red horizontally at both end 
and, secondly^ as a beam merely supported at both end 
The greater stress should then be allowed for. In the fin 

w/ 
case the bending moment at the screwed end is -- , wl 

W is the weight and I the length of stay. 

M ^ ^ 7854 X 3^ X 2 3 x -29 x ^30 
12 12 

= ^7r5 >: 230 _ gjjgg.^ inch-ponnds. 

Z = ^ X (2635)' 

•^' = Z " ?f^«36p " ^^^' '" """** '"""^"'• 
, P 160 X 306 „„„„ 
■^^ "^ A 5m5 ^^^' 

. -A - ^ + 2 

= 6030 + 8083 = 140331b. 

In the second caae the greatest moment wonld be at 
centre. 

M = ^^ = 13556 

Z = ' If- = 2-6f 

A = l|f - 5062 
f ^ I- 1^ 5^ 306 

= 692G 
pS/a ^ 6926 + 5062 = 119881b. 

So that 14|033 lb* is the greatest possible stress. 



WITH TENSION OR COMPRESSIOlf. 



n 



'he Board of Trade allow 9^000 IK per aqtiare inch fltreas, 
Imd Begleet the etiect of beudiDg, which appears, however, 
frora the above case to increaae it confiiderabiy. 

Example III.— A locomotive coup ling rod ia 7 ft -^ in. 
between centres ; it is of uniform sectioB, 3| in. deep and 
1| in. broad. The crant ia 12 in,, and the res volutions 200 per 
imiiute. It is of wrought iron, and weighs *28 lb. per cubic 
iach. Find the total stress when it ia in its lowest position 
and in corupresaion, the force it transmits being IG^fitK) Ik 

We have aasomed that it transmits half the pressure of 
one piston, which ia calculated thus : Boiler preasure 150, 
back pressure 4 lb, diameter of cylinder 17 in. ^ give whole 
preasure on piaton 33,000 lb., in round numberi. This is 
probably somewhat more than it would have to bear at 
SOO revolntiona, because the cut-off would be before half 
fibroke. The greatest bending stress comts on the rod when 



I 



'TTTTTTnTT' 



B A 









Fio. 6S. 



Fio. m. 



at its lowest poaition, because the motion of each point 
relative to the engine is a circle, and the centrifugal force 
is acting downwards (tig. 38)f at right angles to AB> and 
the bendinir is aIso slightly increased by the weight of the 
rod itself. L^t V be the velocity of each point on the rod, 
W its weighty and r the crank radius in feet ; then the bend- 
ing moment at the centre caused by this uniform load is 



r^rrZT/ 



M 



(w 



ft r 



)•. 



B 



inch-pouEds, 



where ? = A B in inches. 
Let &, A be breadth and depth of the rod ; then 
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[■2Bhhi + 



■28 6 



hl(\ 



r f 



^A^ 



/v 



= '21 ~ (1 + D0034 r N -) = 7060 inch-potitMiB* 

It will be Doticed that the breadth of the rod does ^^ 

affect the banding atreis, hecanse, although it increases the 
strength, it also increases the load to the same extent. ^^ 
tind /j, we nae Gordon's formula-- 



where 



.^A 



3 75 \ 9000 K 375V 



16500 

1 37o X 3 75 
■ 3200 X 1-82 



9000 X 375^ J 
5820 J 
.\f^^ p ^ 5820 + 7060 - 12880. 

Examydt / T.— Fig. 69 A shows a wall crane carrying ^1 
ton ; AB, the jib, has a section whose area is 11^ equ^'**' 
inches, and moment of inertia 33 in. units ; while t*"^ 
diitances from the top and bottom of the section to tb^ 




centre of area are 2| in. and SJ in. respectiv^ely. The monteyt 
or traveller, that carries the load has its two axles 12 JK. 
apart. 




f 



WITH TENSION OB COMPBESSION. 7^ 

I^d the position of load that will cause the maximum 
bending moment on the jib AB, and find the tensile and 
comprettiye stresses when it is in this position. 

AE-120xg = ig?. 

We have already shown that maximum bending is 
prodoced when one pair of wheels is placed at a distance 
from the centre of the beam equal to one quarter of the 
duttnce apart of the axles.' 

The stresses in the straight part of AB will not be 

altered if we replace the curve B D by the two straight lines 

^£, D E, so that the beam we have to deal with is shown 

in fig. 69, the dimensions being given in elevenths of an 

inch. The left wheel is placed 3 in. from the centre, as this 

brings the load nearer E, and the force at E must therefore 

be greater than it would be if the right wheel were 3 in. 

from the centre. This will increase the compressive stress, 

but decrease the tensile stress, which latter would be greater 

if the right wheel were nearer the centre. 

The reaction at E is 

and the horizontal component of the stress in C D is 
P = -783 X ^ = 214 tons. 

The vertical force Fj at A is '717 ton, so that the bending 
moment at the left wheel is 

M = -717 X ^ = 46*76 inch-tons 

The bending stresses are 

, M 46-75 ,.„„ 
^' = Zi=-8-8- = ^^' 




m STEfiSSlS IHXS TO BENDrNG, 

The total temile atreafi is therefore 

/g = ft - /"i = 5^32 - 186 = 5134 tong, 
and the compreBSiYa stress ia 

h-^fc-\-fi= 3-9 + 186 = ^Om toma, 

i^ Strictly speaking, we should have applied Graahofa or 
Gordon's formula to iind/i, as the stress is coinpressiFe* 



^e-a-^ 



iP 



^^ 



i 




Fio, ro. 



The jib must be treated as it it has pin points at both endg, 
and the moment of inertia most be taken about a horizontal 



axis. 



Supposing the section of the shank of the bolt, fig. 70, ia 
a rectangle a x d^ and the line of action of the force exerted 
on the hooked head to be aa shown in the figure, determine 
the ratio of the greatest stress in the shank to the mean 



A 
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a trees on the screwed portion of the bolt at the bottom oa 
the thread m terms of a and t^, and determine the ratio ot a 
to d far uniformity of at rang th. 
Let P be the force, 

P =-/ T^'* 

' ^ 4- ^ = ^A^ = 1. -^ 

.\d^ + iad - '6375 a^ = 0. 

d = ^345 a. 

Within certain limita, the loogenesa of the fit of a piston m 
its cylinder, and the sideii of the guide block in the guides, 
will permit the ends of the piston rod to undergo free 
angular deviation from the originally atraight axis, ao that, 
within these limits, a piston rod under compression should 
be considered as in the condition of a pillar freely jointed 
at its ends. Suppose the ord mates of the deviation curve 
to be proportional to a carve of sines of angles from to ^, 
ehow that at the limit, when the ends of the rod are 
restrained from further angular deviation. 

Where pa is the intensity of the uniform compreasive stress 
due to the pressure on the piston, p^ is the increase of stress 
dne to lateral bending, L is the length of the piston rod, 
I Is the length of the gnide-bJock surface or depth of piston 
where it fits the cylinderj and i; is the amount of the loose- 
ness of 6t of the piston in the cylinder, or side of guide 
block in the guides. 



In a curve of sines, let 



then 



M = m sin - ; 



^ = ni when x ^ 



djt 



da? L L 
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Hence the tangent of inclination of the curve to the axis o 
X when ic =» o is 



( d y \ ^JTj'jr 
d x) a L ' 



Now, it is evident that this is ~ ; 



and 



.• 


V mir 

' I L 




•*- 


Lit 




»adon 


i the piston, 




P = 


-Po.^d^, 




M = 


^ 32 


d^; 


.p^ . 


Po-^d-m 




~d-' 
32 




: 


^ Po m 
d ' 






8 L V 
^ ' I ' d' 





SHAFTING. 



83 



CHAPTER XII. 

Shafting. 

^^ a couple T, fig. 71, act at right angles to the axis of a 
^<^, it produces torsion. If fig. 72 be any section, and a 
fing of small thickness t and mean radius r be taken, there 
^s a shearing stress per square inch in this ring equal to kr 
Y^ere h is some constant^ and therefore the total moment 
^^ the stresses in this ring about the axis of the shaft is 

kr .2Trrt .r. = 2Tr kr^ t, 

, The moment of all the stresses on the section is therefore 
' ^rkr^t, the symbol 2 meaning the summation of the 
foments of all the rings, and this must equal T. 



f 



i> 




I 



Fig. 71. 



Fio. 72. 



Fio. 73. 



.-. T = 2irh^r^t 



2 2 

•ecause kr^ = /, the shearing stress at the outer radius r^ ; 

.-. T ^-^S = -196/6^3 
16 

I d = the diameter of shaft. 
If the shaft be hollow and the internal radius be r2, then 

rk(r^^ - rg^) __ TT^f 



T == 



2 



'^r, 



(r,^ - r,^) 



16 • d^ • 

^here d^d^ are the external and internal diameters. 
The above values of / are given by Professor Unwin in 
The Elements of Machine Design," Part I., page 209. 
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Wo bier and others have shown by experimenta that t#^ 

safe working stress allowed in matariala depends greatly c^ j 

Working Stresses in Suaftinl;, 



^trebii cliangiiig little duiiutf work^ 
and not reTorsing 

Fktt oE Uie ■trssa revixrHlEig at each 

BtreM conatantly cbiuiglog- betiveen 
equal and opposite taJum .... 




the range of stress as well as on its njagcittide, for which 
reason we hay© the three divisions in the above table, 

Now, if we consider a very small rectangular particle 
A B C D, fig. 73j forming part of the shaft, with a Bhearing 
stress / per square inch on the sides B C and AD in 
opposite directione, and if t be the very small tbiekneae of 




Fjh. 74. 



Fio. 75, 



L equal, 

L be no J 



the particle perpendicular to the paper, then these stresses 
produce a couple, /B C . i . A B/ To obtain eqnilibriuni 
there must therefore be Bhearing stresses/^ per square inch 
on A B and C D, such that 

f'-AB.i.BC -/\EC. AB; 

Shearing stress on one plane must therefore prodnce, or be 
accompanied by, an equal stress on a plane at right angles, 

liText, by taking a particle, fig, 74, having A B and B C 
equal, and A B C a right angle, it is clear that there can 
be no shearing stress on A C, but that the resultant of the 



I 
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!^i^eaB must pass through B, and li at right angles to A 0* 
^t thii atreas be/i, then _ 

/i AC. t ^/ABtj2. 

fi -/ 
^a la compreasive. Similarly the stress on B D ia tenaile, 
^^ that a ahe«ring stress produces two normal stresses on 
planes at 45 deg. to the plane of shearing;, these being equal 
^^ magnitude, but opposite in sign. 

If e, fig. 75, represents the end view of a cylindrical shaft 

^pon which a couple acts, and which ia fixed at the other 

end /, and if spirals at an inclination of 45 deg, to the axis 

be traced on its surface, then there will be a com press iv^e 

stress perpendicular to the right-hand spirals^ such aa dc^ 

and a tensile stress perpendicnlar to the left-hand spirals, 

ae shown by the arrows ; or, to look at it in another manner, 

if the shaft were made up of a number of spirals of wire 

such &Acd^ the stress in these will be tensile ; bat If the 

twist-ing moment were reversed, the direction of the spiral 

would also have to be reversed, or the wires would be 

unable to transmit the torsion. If the reader will twist a 

handkerchief, he will obtain an example of what we have 

proved abova 

Horse Power Transmitted by Shaft, 

If a couple T inch-poanda makes N rotationa per minute, 
the horse power ia 



H.P. = 



2ir,T.N. 



12 X 33OU0 

andT-^/i/3 
lb 

12 X 11^ x 33000 



RP. = 



d^ = 321C00 . 



If the twisting moment varies, the stress allowed depends 
on its maximum value Ti, and also on its range of variation \ 
so that if 

Ti = A- T 

where T is the mean twisting moment. 



iP = 321000 

For hollow shafts replace d^ hy 

d\ ~ d\ 
d. 



r\N 






ihieknesa t, and let the shearinR fitressea on C A, A B left 
and the normal atrega on A B be/\ ; we shall show that by 
choosing a suitable valupi of *'' the stresH /a on C B will b« 
wholly normal ; for if D E are the middle points of C B, B At 
the renultant of the shearing stresses will act along AD, aPj* 
the resultant of the normal stress on A B will act along D B- 
Let /\ >>6 the shearing stress along CB; then, reeolving 
along B, 



A CB - /. (C A coa ^^ - A B sin e) 

/a = / (cos^-^ & - sin- «') - /i sin *' cos 0. 
If /a be zero, then 

"2"- " t:^ 






which will give two values of & ditiering by fH) deg., m that 
there are two planes at right angles upon which the stre«* 
is wholly normal ; resolving parallel to C A, ^^ 

/jCBsin^ ^j\. AB - f.CA. 



. ' ♦ /^ sin = t\ sin i 



/ eos &^ 
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resolving parallel to A B, 

/aCBcoB^ =/AB. 

r.fz cos^ = -/sin e 

(A -/i)8in^=- -/cos^ 

)ose, now, that this particle is at the surface of a 
abjected to bending and torsion, C A being parallel 
axis of the shafts and suppose the point so chosen 
is the greatest tensile stress due to bending ; if, for 
le, the shaft is on two supports and loaded at the 
then the lowest point of the central section will be 
d to ; then 

j^ — — - — 

'61 
M = the bending moment 

leed only consider the greater value, and, if 

Te = M + ^/M=^ + r^ ; 

ig called the twisting moment that is equivalent to 
isting moment T and bending moment M combined, 
B, acting alone, it would produce the same stress. If 
he equival'^nt bending moment. 

Me = i (M 4- Vm-^ + 1-). 

e formulae are only true for circular sections. We 
•n this, as we have seen them used for rectangular 

lS. 

b, let us suppose the shaft subject to a tensile stress 
hat the force P acting on it is 

at there is no bending. 




d-' = 321000 ^ '. ^^,% 

where HP* ii the horse power, N the number of revolationa 
per miQutei and k the ratio of maximum to mean twisting 
moinent It is caa ternary to use a formula obtained from 
the above, although the shaft may be subject to stresses due 
to bending and other caueea. Wb may write— 

whtire K m a oonitant for a given type of marine engine. 

In Seaton^s '^Manual of Marine EDgineering," the following 
values of K are given :— 



Tyym ol tDgli]*. 


K loar arank. 


EfortunneL 


Rlnfflt'Omokt twtt-ciflliidttf - 


100 


110 


Tw«-0^*nk^ IWO-OyUnifor compound 

TlifM-crEiik. trliJlo-axDnnaioD «....«««».. 


83 
74 
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The following table gives the diameters of crank shafts 
of tner can tile marine engines, with corresponding values 
ofK. 
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Shafting of Mebgantile Marine Engines, 



stroke. 



16 
24 
86 
36 

PO 
45 
48 
60 
60 
45 
66 
00 
64 
63 
60 
69 
60 
22 
39 
60 



42 
36 
48 
60 
48 
42 
60 
60 
66 



Boiler 
press're 



160 
160 
160 
160 
150 
150 
160 
150 
j 150 
150 
170 
125 
155 
160 
150 
150 
150 
165 
180 
150 
180 
160 



150 



n 

4 
61 
10 

10^ 

in 

13 
18J 

m 

18 

18i 

18-9 

19i 

20i 
26 
IS 
5J 
111 
19 



60 


13^ 


80 


H 


90 


13 


60 


22 


60 


15i 


90 


11 


75 


20 


75 


21 


86 


22i 


90 


25 



I.H.P. 



30 

147 

907 

1049 

750 

899-4 

909 

1672 

1752 

4000 

5838 

6400 

6148 
7010 
8364 
10600 

5080 

350 

1184 

3400 

618 

1579 

700 

1536 

3430 

1977 

927 

6020 

5:i00 

6306 

10350 

23 § 8006 



N. 



380 
170 
184 
93 
73 
70 
61 
67 
62 

80 



85-6 

74 

62-3 

93-25 
112-8 

90-5 
102 

88 

87 



75 


82-2 


6T| 


71-7 


91 


80-6 


89 


69-5 


70-2 


80 


120 


130-4 


68J 


94-1 


62 


125 


76 


82-5 


60 


93-6 


88 


99-5 


72 


103 


55 


170 


60 


112 


62 


88 7 


85 


112 


64 


112 


55 


99-5 


53 


79-6 



103 



T:pe. 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T. 
T 
T. 
T 
T 
T 

q.t. 

B.T.t. 

q.t. 

T.t. 
semi- 
tandem 
triple. 
C 

C 

C 

C 

C 

C 

c, 
c, 
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In the table T aUmdi for triple ex panaion engine, wit>l» 
three craiikfl at 120 deg, ; C for composed, witli cranks ^* 
90 deg. ; I>,T.;. for diaconnective triple tandenij each pair ^>^ 
oylinderB having aeparative crauk and tunnel shafts; ^ ^• 
for qnadmple tandem ■ T,^ for triple tandem ; Ci for thr^^ 
or iix cylinder compound, with three cranks at 120. Hollo ^^^ 

Hollow Shafting. 



U.M.rt 

U.8.N 

U.M.S 

H.MS 

U.8.N 

U.8.N 

U.8.N 

U.8.N 

H.M.8 

U.S.N. . . . 

U.H.N 

U.S.N 

U.HN 

U.S.N 

U.8.N 

U.S.N. ... 
U.8.N. ... 



I Boiler 
I l)re«i>ure. 

~l , 

.j i:.o 
. I uo 

. I 135 ' 

160 I 

160 ; 

160 I 

t 

160 ; 

1155 \ 

160 

1(50 ' 

160 

160 

160 

160 

160 

16C 



U^ 1 1. HP 



10:] 

Hi 

12 

13 

13.i 

14 

16 

16 

17 



Cylinders. Stroke- 



5 


IMOO 


^^ 


3963 


5 


3000 


4 


4500 


6 


4000 


6 


4500 


-i 


67r>o 


vS 


6000 



7.V I SOOO 
H I 1500 



11 


4 


•J700 


' 13.i 


6 


5000 


10 


■' 


2700 


12i 


(i 


3760 



:!.\ ; SOO ' 

I I 



150 
165 -3 
135 
132 
151> 
121> 
120 
i>5 
129 
150 
1.-.0 
164 
IS.-. 
150 
SOO 
240 



73-5 
59-5 
75 

63-75 
76 
76 
74-5 
60-7 



72 [ 
64-2 j 
74-1 \ 
80-4 ' 
75 ' 



27, 401, 60 ' 
25, 36, 56 I 
30.V, 45, 6S ' 
30, 44, 68 j 
••{5.^. 57, 8S 
32, 46, 70 
34i, 48, 75 

42, 59, 92 ' 

43, 62, 96 
•41 * I 
•33 |l95,30^.-.23' 
•363 27, 41. 64 I 
•44 I i6, 53, 57, 67' 

•5 ; 26*. 39, (;3 

I 
•4vS I 31 i, 46, 70 I 

•:. , 153, 22i, 35 

•5 ' 13A, 21, 31 I 

' I 



I 



36 
33 
36 
36 
42 
42 
4-2 
51 

30 
30 
33 
26 
36 
24 
20 



* This sbftft transmits tho power of two sots of eogines, each having cylinders 
82 in. , 46 in. , 70 in. , and 42 in. stroke. 

shafting is very rarely used in the mercantile marine, on 
account of the additional expense, but in the navies of this 
and other countries it is the rule. If c^i, dz be the external 
and internal diameters, and if 

do 
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then ^il^A^^d^^a-m^) 

«>th8tif m = i 

^^ lednction in weight is 25 per cent, and in strength is 

?'^y 6i per cent ; weight for weight, then, a hollow shaft 

^ stronger than a solid. For the navy hollow shafting is 

^<^e of fluid-compressed steel Its additional strength 

?^y be judged from the values of K in the foregoing table^ 

f^ ^hich H.M.S. stands for the English navy, and U.S.N. 

'^^ that of the United States. The engines are in all 

^es, except one with four cranks, triple-expansion, with 

^'^fee cranks at 120 deg., and 

d^ X Kt. ' 

Lloyd's Rules for Crank Shafts (1892). 
For compound engines with two cranks at right angles — 
d = (-04 A 4- -OCGD 4- 028) x U i". 

For triple-expansion engines with three cranks at equal 
ingles— 

d = (-038 A + -009 B -h 002 D + '0165 S) x 'J~F. 

For quadraple-expansion engines with two cranks at 
Hght angles— 

d = (-034 A + -Oil B + 004 C 4- '0014 D + '016 S x J/ p. 

For quadruple-expansion engines with three cranks — 

d = (-028 A + -0146 + 006 C x 0017 D + 015 S) x ^ P. 

For quadruple-expansion engines with four cranks — 

d = (-033 A + -01 B + -004 C + '0013 D + 0155 S) x ^T?^ 

Where A = diameter of high-pressure cylinder in inches. 
B = diameter of first intermediate in inches. 
C = diameter of second intermediate in inches. 
D = diameter of low-pressure cylinder in inches. 
S = stroke in inches. 

P = boiler pressure above atmosphere in pounds per 
square inch. 

The screw shaft is to be the same diameter as is required 
for the crank shaft. 



Intermediate Bhaftlng shciuld be at leait '95 of the diameter 
of the crank shaft 

Note. — The rules are intended to apply to two-cylinder 
compound engines, in which the ratio of areas of low to high 
presenre cylinders does not exceed 4 5 to 1; for triple- 
expansion engines when the ratio does not exceed 9 to 1 ; 
for qBadmplc- expansion engines when the ratio does not 
exceed 12 to 1 ; and when the length of stroke is not less 
than half the diameter, or not greater than the diameter of 
the low-pressure cylinder. 



Board or Tkabe Khleb fob Shafts^. 
Diameter of shaft 

^/ CPD^ 



JA^-^) 



( 
I 

r 
I 



E 



-k'^ 



= *>-.' 



1- 

.S- 



r 

p 



*— L— -^<- 



I 



===-C 




— 0- 




Fro, 77* 

C = half the stroke in inches, 
P = absolute pressure in the boiler. 
d^ =" square of diameter of high -pressure cylinder in 
Inches, or sum of squares of diameters ii there ar« 
several, 
D" — a similar quantity for the low-pr^sure cylinder or 

cylinders. ^ 

/ ^ a constant from the following table. V 

When there is only one crank the constants applicable are 
those opposite ISO deg., and for paddle engines the abovo 
constants are multiplied by 1'4 In most cases it will ' 
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found that shafts are larger than those obtained by the 
above roles. 

In the mercantile marine, built-up crank shafts are 
generally used in preference to solid shafts, as, although 
heavier, they are more reliabla The faults of cranks forged 
in one piece are weakness, at the junction of shaft or pin 
and vreb, flaws in the web, and scarf ends in the pin."*^ One 
form of built-up crank is shown in flg. 77. The webs are 
held to the parts of the shaft by pins or keys, the former 
being more usual The crank pin is also held to the web by 



For two cranks. 
Angle between cranks. 


For crank and propeller 
shafts. 


For tunnel shafts. 


Degs. 
90 


1,047 


1,221 


100 


966 


1,128 


110 


904 


1,055 


120 


855 


997 


130 


817 


953 


140 


788 


919 


150 


766 


894 


160 


751 


877 


170 


743 


867 


180 


740 


864 


For three cranks. 






120 


1,110 


1,2% 



a small pin at each end. The latter are usually smaller than 
the former, although there is a considerable amount of 
torsion on the after crank pin. The methods of shrinking 
the Ave parts together are as follow : A sort of Bunsen 
burner, fig. 78, supplied with gas and air, is placed in one 
eye of a web, and when the heat has sufficiently expanded 
it the large end of the shaft is placed in the hole ; after 
cooling, the hole for the pin is drilled, and it is driven in by 
a hammer. If key-ways have been cut in shaft and web, 



''See a paper on the "Forging of Crauk Shafts" in tho Proceedings of the 
Mechanical Engineers, 1879. 



M 



FO STEEDS, DICKlKaOS'S, AND 



care muat be taken to bring the two together. When bofcl 
web« have been treated in thiB way, tbe two parts of tha 
abaft are bolted on V blocks and carefully aligned ; the ejm 
for the crank pin are next got in line» and are heat^| 
together, and the pin is then drawn through until it is :" 



J \ 



Fio- 78. 

place. Another method is to shrink shafts and weba 
together as before ; the pin is next shmnk into one web, 
and the three parts are then bolted down on a table. The 
remaining eye of the other web is next heated and placed on 
the other end of the pin, and the web is puUed round nntil 
it touches the table. As both weba have been slotted to 
exactly the same si^.e, and as the first part of the shaft and 
the pin are bolted down with their axes horizontal, the web 
being slightly raised at the pin end and touching the table 
at the shaft end, the two parts of the shaft are thus brought 
into line. The pin is finished before shrinking, the shaft 
afterwards. The table on next page giyea dimensions of 
these cranks from practice. 
The following rules give proportional ^imenaiong :— 

^ft I = ^03to*?7D. 

^^M P = D, occasionally a little more. 

^B A ^ 1^85 to 2081); 

^M B = r76tor94D, 

^P = 1-3 to 1-68 D. 

f Foster's crank shaft is in three parts, two of which form 

I the shafts and the third the pin and webs. This last is of 

I mild cast steel ; the ends of each part of the shaft are 

I enlarged, and the three parts are shrunk together. Keys 




inait are 
in Keys 
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ickinson's crank is also in three parts, similar to the 

re, excepting that the webs are bolted to flanges formed 

he two parts of the shaft, these flanges being sunk into 

webs. 

he length L of the crank pin may be calculated as 

>ws : Let p be the boiler pressure and dz the diameter of 

H.F. cylinder ; then 









j^ 


PlJf 










3re^i is 


from 400 to 600, and may 


be taken as 500 with 


_i 


P. 


d,. \ d. 1 I. 


A. ! 


B. 


C. K. 


T. 


n 


m 


m 


«i 


m 


19i 


15 1 2i pin 


18 




m 


12J 


12i 


Ti 


21i 


20i 


15i 3x2 


21 




121 


m 


13 


8 


24 1 


24^ 1 19^ 2Jpia 


21 




12^ 


m 


12i 


8i 26 


22^ 1 17 1 .. 


24 




13 


13 


13 


88 ': 25 


25 i 10| 2ipin 


22i 




13 


13| 


13J 


10 ' 25 


24 j 19 2i X 1| 


24 




IH 


\ 14J 


14J 


10 


26 


26 1 20 2ipin 


24 




15 


! 15 


15 


11 


29J 1 


29^ 1 29i 2^ pin 


27 




15 


: i5i 


15 


10 j 29 


29 1 29 , 2ipin 


24 




17 


1 17 . 


17 1 12 


32 1 


32 


82 


2Jpin 


30 




18 


• l^i 


18 12J 


31 i 


31 


25J 




30 


? 


20-5 


1 20 


20-5 13-8 1 39 1 


39 31-4 




30 




20^ 


201 


20.^ ' 14 


40 


40 


33^ 




3U 




23 


24J 


24 


17 


m : 


42 


31 


0X4 


36 




26* 


27' 


28*^ 


18 


4. 1 


45 


45 




36 



* Hollow ; internal diameters 14, 12, 12, 12 resjpectively. 

vantage, so that the pressure per square inch on the pin 

>i. 

i^ownes' patent is shown in flg. 79, the dotted portion of 

I right-hand figure showing the quantity of web saved. 

9 parts of the pin shrunk into the webs are eccentric to 

) central portion. It is said to occupy no more space than 

) ordinary solid shaft 



NtTMKRTOAX EXAMPLES ON ShAFTINO. 

Escample /.—A hollow steel abaft replaces a solid ahaft rf 
wrought iron of the same dia meter. The stress that th@ 
steel can safely bear is 35 per cent more than the atreas in 
the wrought-iron shaft. They have the same strength to 
resist torsion. Find the internal diameter of the former^ 
and the saving of weight, neglecting the cooplingi. 

Let m= ^ where d^ d^ are the external and internal 
diameters. Since they are of equal strength^ 



fd,^^t\^^ 



d^^ 




Fjo. 7l>. 



where }% fi are the stresses in the wrought-iron and steel 
shafts. But/i ^ 1'35/: 

,\d^^ = vmd^^(\ - w*) 



m^ = 1 - 



135 



m ^ 71. 
The percentage saying of weight is 

Example IL — Compare the weight of shafting in a twin^ 
with that in a single -screw ship, neglecting the conplinga. 
The lengths of shafts and horse powers transmitted are the 
same. The number of revolutions of each of the shafts in 



A 
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win-screw ship is 1^ that of the single screw, and the 
i of maximiim to mean twisting moment of all three 
m are equal 

L9t D s diameter of single shaft 

d = diameters of twins 



J N. 

d = 8 /_Kjui. = 8 /Kirp : 

" JV2b X 2N; V 26N. 
N « the number of revolutions per minute of single 

■■.-gi'-i<>», 

is the ratio rpquired. 

mple IIL — ^The outline of an overhung crank is shown 
80, and F acts at right angles to the plane of tb<^ 
Find the diameter of the shaft at the journal if P 
00 lb. and the stress allowed is 5,000 lb. 
JB usual, although not strictly correct, to take the 
3n of the journal as concentrated at its centre ; 
ing this to be the cise, 

M = 16 P inch-pounds 
T = 18 P inch-pounds 



•. T. = P I 



16 + Jl62 + 182 } 



and ^fd^ = 40000 x 401 

lu 

d^ = 1630 

d = 11*8 inches nearly. 

he table on page 98 we have worked out the stressps 
journals of overhung cranks, as in Example III. It 
a somewhat larger value than that which would be 
ed by supposing the reaction of the journal uniformly 
>uted, but the difference is not so great as one might 
le. In one case, in which the stress is 7,820 lb. in the 
it is only reduced to 7.1201b. by taking into account 
igth of the journal. We cannot even be certain that 
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the reaction of the jonmal is uniform, and its resultant m^^ 
V« on the crank aide of ita centre. I! we lengthen tt^^ 
journal, the above theory would increase the stress^ but it ^-^ 
absurd to suppose thii to be the case. In the table^ A is th^ 
diHtance between the centre of the journal and the plane ir* 
which the centre of the pin rotates^ and B is the half -strokes 

Examfilt I V. — In a marine engine the distance from 
centre to centre of bearings ia I in., the length o! stroke 
2 r in., the twisting moment T inch- pounds, and the force on 
low-pressure crank pin R lb. The acute angle between the 
ditection of the connection rod and the crank is B^ Find 
the stresses ,/\,/2 at the aft journal and crank pin^ each 
part of the shaft, being treated as an independent beam. 

The subject of beams on several supports is one of great 
difficulty, and for this reason the last supposition has been 
made ; and as it over- eat tBaat4^a the stress in the crank pin, 
which i» greater than that in the journal, it m on the safe 
side. W^e shall also aasume that the reactions of the bea rings 
are concentrated at their centres, and that the force B is at 
the centre of the pin. The couple exerted by the bearings 
is also unknown ; let this be 

M = a K ?. 

ii the bearings can be treated as supports only, then k = ; 
but they probably exert some bending moment on the shaft, 



i 
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11 
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14 
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llC^E, 


m 
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S,|20 


H.S. 



' 
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S,t fur iteel ; ir^^ for wrought iron ; cf*, for Said ci:ami)(nea9od 
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^boie magnitude is unknown. If the shaft be treated as a 
^^iform Mam, loaded at the centre, then n — i. This 
probably over-estimates the bending moment at the journal, 

Which would be -— ; and under-estimates that .at the pin, 

o 

which is greatest when n is zero. For the journal we shall 
itSBome n «= i, and for the pin that n = 0, which is on the 
safe side, as it over-estimates the stress in each case. 
At the journal whose diameter is d^^ 






(54 



4-T*'* 



./i 



•636 (RZ + JH^ 1^ + 64 T=^) 



R R 

To find /2, let two equal and opposite forces ^^ and ^ 

R 
(fig. 81) each equal and parallel to ^ be placed at C, the 

centre of AB, and let them be supposed rigidly connected to 

the crank ; this cannot alter the stress at any point. Then 

R R 

' at B and -^ form a couple causing bending at the centre 

of the pin, whose magnitude is 




Figs. SO and 81. 

whiih is the bending moment at the centre of the pin 
because n = 0. The twisting moment at D is 



Ti = T 



Ro r sin B' 



= T - * T, 



{> \^ cv w> tv -^ 
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where T^ ia the twisting moment of the lovpreastire crank 

alone. 



A i^ d^^ = ^Ii + JMi + L\ 



4 



which giveH.f'a- 

Example T.^In a compomid locomotivo there &re two 
high -pressure cylindera and one low-presanre. The latter 
is connected to a eingle throw crank, whose dimengiona are 
shown in fig, 82, The greatest pressure on the low-preasore 
piston ig 50,0001b,, and the weight on each journal 17,000 IK 
The diameter of each wheel is 85 in., of the jottmal 7 in., 
and of the pin li\n. It is assumed that equal power is 
transmitted to each wheel A, B are the journal centreF, 
and C, D the points at which the resultants of the forces 
exerted by the wheels on the shaft act To find the greatest 
possible stresses in the journal and crank pin, the obliquity 
of the connecting rod may be neglected. 

It is evident that the greatest stresses occur when the 
crank is at right angles to the line of stroke^ but they are 
not the same when the pin is above the line of stroke as 

U — ^ 2sk— — ->U 7.%% -^ 



U^ 20 



-*HH^ 



20 — >J 



i2 



X- 



when it is below* In either case, let F be the force at i 
point of contact of rail and driving wheel \ then 

m F = 25000 X 12 

F = 7050 lb. 

This force at the rail is equivalent to a force of 7,(^0 lb. at 
the wheel seat, and a couple whose moment is 300,000 inch- 
pounda. Fig. 83 ia the diagram of forces when the crank is 
above the line of stroke. The downward forces at A and B 
are balanced by upward forces at 13 and C, and the pressui^s 
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of 60,000 lb. on the pin, and 7,050 lb. on each wheel seat, are 
balanced by 32,0501b. acting horizontally at the journals 
and the two couples at the end of the shaf c. 
The bending moment at the journal is 

M = A D X J 17000-* + 7050-* 



Also 



and 



AD 

= 152000 inch-pounds, nearly. 
T = 300000 inch-pounds 
T« = M + x/ MM- T''^" 

= 489000 inch-pounds 
c/ = 7 in. at the journal ; 



•./i = 



16 ,^ 489000 



= 7260 lb. 



The stress at the pin is only caused by bending, for if we 
take moments about the centre line of the pin, considering, 
of coarse, only the right-hand half of the shaft, we get 

Ti = 7050 X 12 - i32050 x 12 4- 300000 
= 0. 

The horizontal bending moment at the centre of the 
pin is 

Ml = 32050 X 20 - 7050 x 28J 
= 442000 inch-pounds. 



17000 



rlOSO 



■^^^^ ITOOO 
^2050 



•*^j5< 



I7000 



^ 



&2OS0 



-^ ITOOO ^ 



i i 7051 
^ 1050 




l^ 



50000 

Figs. S3 and 84. . 



25000 



J^ 



_250OO 
ITOOO 



7000 



The bending moment in a vertical plane is 

Mg = 17000 X 8J = 140000 inch- pounds. 
The total bending moment is 

TU^ = 454000 inch-pounds. 
32 . 454000 






{W 



= 9950 lb. 
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Fig. 84 is the diagram of forces when the crank is below 
the Uoe of stroke. The moTnenta acting on the journa), ani 
therefore the at r esses, are the same as Ivefore. Oa the pin 
the twiatiDg moment ia zero. The horizontal bending 
moment is 

Ml = 7050 X Si + 24O00 ^ 20 

= &58150 inch-pounds. 
The vertical bending mom eat is 

Ms = 17O00 K 8i 

= 140000 inch-pounds 
J M7M^M^ ^ 575000 inch- pounds 

, _ ri? wthvm 

= 12600 Ik 

Thii example is taken from Webb's "Compound Loco- 
motive." The diameter of the low-pressure cylinder ia 
30 in., and the relief valve for the low-pressure steam chest 
is loaded to 80 lb. per square inch ; the greatest poflsible 
load on the low-presanre piston ia therefore 50^500 lb., 
nearly, somewhat more than we have taken above. The 
load carried by the corresponding driving wheel a is 15 tons 
lOcwt., giving 17,360 lb. on eaeh jonmaL Drawings may be 
found in Ewjineeriwjy July 25th, 1890, Indicator diagrams 
of this type give a pressure of about 401b. per square inch 
on the low-preasure piston. 

Example VI. — In a locomotive with inside cylinders the 
pressure on each pi a ton is 38^000 IK There are no conpling 
rode, and the diameter of each driving wheel is 7 ft. Find 
the greatest stresses j\^ ./o, j\ at Journals, middle of shaft 
and pins. The diameter of journal is 7iin., of middle of 
shaft 7 in., and of the pin 8 in. The vertical load on each 
journal is 17,000 lb. Dimensions are as follow : Centres of 
cylinders 24 in., centres of journals 4Gin., gauge of rails 
504 in* 

If one of the cranks is inclined at an angle & to the line of 
stroke, the twisting moment is Pr (sin + coa ^) for valnea 
of between deg. and CK) deg., and P r {sin B - cos &} for 
values between 90 deg. and 180 deg., P being the force on 
each pin, and r the half stroke. The moment of each wheel 
on the shaft is J P r (sin ^ cob ^). The moment transmitted 
by the middle of the shaft is therefore 

i P r (fiin & ^- cos &) ^Vr cm ^ 
= i P r sin fl =F cos ^ 
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where the negative sign applies to values of 9 between 
deg. and 90 deg., and the positive to values between 
90 deg. and 180 deg. This is the same as 

iPr(8in^ - cos^) 

where 9 has any valne between 9 deg. and 90 deg. Evidently 
this will be the greatest when 9^ is 90 deg., and it is also 
clear that the bending moment is greater when the forces 
on the pins are in the same direction than when they are in 
opnoeite directions. 

Fig. 85 shows one crank vertical and the other horizontal. 
This is the position of greatest bending, for if A B are the 
wheel seats, E D the journals, and E any point between the 
centres of the two pins, the horizontal moment at the point is 

Ml =F X BD + P X DG. 

If the crank is above the line of stroke, then 

Ml = P X DG - F X BD 

less than the above. 

F = ^- 
2K 




Fio. 8;-. 

where F is the force between rail and driving wheel, 
2 B is the diameter of the wheel, 

38000 X 12 



84 



54301b. 
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and the couple at each end of the shaft is 

T = 113000 X 12 =^ 228000 mch-pomnda 
Ml = 54S0 X 5i + 38000 x 11 
= 440500 inch-pounds. 
The vertical moment is 

Mg = W X B D - 17000 X 5i - 8il2a0 inchpounda. 
The resultant bending moment is 

M = ^/Mi^"+ Mp = 455000 inch'poiitids. 

The twisting moment is T ; 

.\% - M + ^AM^1^T^ 

= 904000 inch'ponnda^ 

This is the equivalent twisting moment at centre of shaft 
and pins ^ 

IT 8* 

The fireatesst stress in the journals is when both cranks 
are at 45 deg. to the vertical The total twisting moment ia 
then _ 



and 






The bending moment on the jonrn&l ia 



= 90149 inch -pound 8. 
The twisting moment of each wheel is 
38O0O X J 2 



^/"^ 



*.T = M, X JM^- -T^^ 
- 426000. 

Ifi 4W^,,,,ll^_ 



= 323000 inch-ponnda. 




Kicamjyle T//.— Three engines of eqoal power tlrive one 

crank Bbsift, and the rpaiitin^ moment is applieci to one end 

only of the sh&ft. The shaft is made in three similar 

forgings, -which are coupled together by bolts through 

forged flanges. Each length of the shaft is monnted on two 

bearing e, and each crank pin is midway between the centres 

of the bearings. Show that the mean twisting moment on 

the crank pin nearest the end to which the twisting moment 

H P 
is applied ia 23'd ^-^ inch-tons. If & be the acute angle 

between crank and direction of connecting rod^ and K be 
the pressure on the rod, the twisting moment of that crank 
alone is R , r , sin 0, r being the length of the crank in inches. 
If T be the twisting moment of all three engineSj fig. 81, 
that on the after crank pin is 

Ti = T - iErsin^f. 
But the mean value of 11 r sin & is 



T2 = 



«nd 



T, 



H.P. X 33000 



w 1 Q 

-— inch-tons, 




2 IT JN X ai!4il 

■where T 3 is the mean value of T. 
If J then, T4 be the mean value of T^, 

Ejcamph r///.— In the above question suppose the 
distance from centre to centra of the two bearings for each 
length of the shaft is 1| the stroke, and each shaft is treated 
for bending as if independent of the others ; show that the 
twisting moment on the above-mentioned pin, which ia 
equivalent to the combined mean bending and twisting 
moments to which it is subjected, is greater than the total 
mean twisting moment of the three engines, and find its 
value. 

We shall treat the crank for bending as i£ the bearings are 
merely supports at their centres^ and exert no bending 
moment on the shaft. Let P be the mean whole i^ressure on 
the piston in tons ; then^ neglecting the obliquity of the 
connecting rod, which would make the question exceedingly 
complicated, the mean bending moment is 

= S P . n 
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and 



/ 
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12 aP. X 33000 



12 P r N = 
M = §Pr = 



2240 

5 BLP. X 33000 

8 X 2240 X N 

: 92 ^?: inch ton?, 



1^ = 235^^;^ 




Fig. 86. 






= -^ (9 2 + Jbb2b + 84-G) 



34 4 



HP. 

M 



The mean twisting moment on the shaft is 
T3 -^•^• 



T. 



28-2 
1-22. 



N 



ON SHAFTING. 107 

^^If we give M half the above valae, treatiog the shaft for 
Pending as if it were a uniform beam fixed horizontally at 
*^oth end?, then 

N 
^nd ^ = 1 01. 

EsMimple IX. — The crank, fig. 86, is acted on by a force P 
^pplied at the pin in the central plane perpendicular to O C. 
^t causes a bending moment on the shaft eqnal in magnitude 
to half the twisting moment produced ; the crank is secured 
to the shaft by means of a sunk key. Determine the 
dimensions marked a and h in terms of d^ in order that the 
"^^rank-arm key and shaft may be equally strong, allowiDg 
the stress in the material to be the same for each part. The 
breadth of the key is \ d. 

The twisting moment is F r ; hence 

T. = M + J M2 + T2 

= leiPr 

16 
This neglects the weakening of the shaft by the key way > 
the effect of which has not been reduced to a mathematical 
formula. Considering the strength of the key, we get 

4 2 

because the area in shear is ^ , and the distance from the 

4 

centre of the shaft is - . 
2 

jrad^ _ fird^ 



8 16 X 1-61 
.'. a — '975 d. 
Next for A, l^r=^bh\ 

6 
and h = %h\ 

10 X 1 61 
h = 1 09 d. 
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Evamph A"— Fig. 87 reprf Rents the crank shaft o£ a hori- 
zontal engine, the preisure P, which is 70^000 Ih., acting at 
right angles to the crank, which is verticaL The joamala 
are at A and B, and at C is carried a rope tiy wheel, weighing 
122|2201b,, and having a diameter of 30 ft The dimcnmions 
AB, AC, CB, AD, DB are 127 '5, TO 5, 57, 3r5, and 159 
respectivel^i I> being the point on the shaft centre line 
produced directly below the centre of the cranJi pin. The 
directions of the ropes are approximately horizontal, and 

f they lie in the direction of the arrow marked Fj + Fj, 

I where Fg is the tension on the driving side, and Fi that on 

I the alack, the ratio, F^ : Fj, being 9. The horse power at 42 

p revolutions per minute is t)0O. The journal A is 18 in* 

diameter, and the diameter at the flywheel is 21 in. The 

weakening eftect of six flats for keys is not to be considered. 

It is required to And the a tresses i\ at the journal A, and f^^ 

in the shaft at the flywheel. S 

If T>, N are the diameter in feet and number of revolutions 
per minute of the flywheel, 

(Fa - FJ r I>N - H.P. X 33000 j 




Fig, S7. 



and since 



F^ ^ F. - F. 

y 8 

Fs + Fi = 75C0 X 1| = 93751k 



F. 



The twisting moment of the crank is therefore opposed 
by^two moments^ the one caused by the resistance of the 




A 
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ropes and the other b^ the inertia of the flywheel, whose 
speed at this instant is increasing^ because the engine is 
supplying more power than is reqaired The shaft may be 
therefore treated as if at rest with the vertical force Q K, 
the horizontal forces P, Qi, E^, and F2 + F^, and a couple at 



C whose moment 
about B D. 



is equal and opposite to that of P 



K 



F 



\ 



^^C** D-*H B -^ 




Fig. 88. 

Taking moments about B for horizontal forces — 
p _ P.DB - (F2 + F,).CB 

^' AB 

70000 X 159 - 9375 x 57 



127 5 



= 83100 lb. 



Qi = Ri + F2 + Fi - P = 22400 iu round numbers. 



R = 



W.CB 122200x57 



= 54600. 



AB 127 5 

Q = W - R = 67600. 
The twisting moment at C is 

T = 4200000 inch-pounds. 
The bending moment at C is 

M = B C J Q'^ + Qi'-^ = 4040000 inch-pounds. 
T« = M + J M'^ + T- = 9860000 inch-pounds. 

/, = ll'^l- = 5420. 

At the crank journal 
A =6060 lb., 
which may be found as in Example III. 




Fig. 88 is the crank of a Icx^omotive. In the following 
table dimeiisionB are given from actual practice L is the 

DoiEISIOIfS OF LoCOaiOTlVE CttAJfK^ ASXES, 
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depth of the webs, and N the diameter of piston. The ends 
of the webs are aometimea struck with radii, whose centres 
are the shaft and pin, in the usual manner for ordinary 
shafting, but more often they are semi- circular ; they are 
generally hooped, the hoops being shrank on as a safegnard 
Horainst accident, in case a crank should break. The webs of 
Mr, Worsdell's crank are circular, so that they can be 
iinished in the lathe ; they are not hooped. 

In the table /j is the pressure per square inch on the crank 
pin when the fall boiler pressure acta on the piston. In the 
cases in which we have not been able to obtain the boiler 
pressure we have assumed it to be 150. Here again the 
reader may note how high are stresses and pressures per 
square inch on bearing surface per locomotive practice, 
compared with their values in marine practice. 

Example /.—In a single-cylinder engine the steel crank 
shaft, of Sin diameter, is subjected to a twisting moment, 
which fluctuates from 2i times the mean twisting momenta 
to zero. In a multi-cylinder engine, working at the same 
power and speed, the maximum twisting moment is 20 
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per cent greater and the minimum 20 per cent less than the 
mean. Wfalkt diameter of shaft will be required in order 
that it may be capable of endnring the strainine action to 
which it is subjected as the shaft of the single-cylinder 
engine, supposing the material to be the same'? (Science 
and Art Honours, Machine Construction Examination, 
1895.) This is evidently intended as a problem on Wohler's 
researches, which have been reduced to the following 
mathematical equation by Professor Unwin : 

Armax = -^ + JK'^ - 1*6 A K, 

where km&x and kmin are the greatest and lesuat stresses to 
which the material is subjected, 

A = kmax — A^min 

K = greatest safe dead load. 

In the former case kmm = o, and ^max may be calculated 
from the equation — 

2i T = ^max :^^ d^ 

lo 

where T is the mean twisting moment which the engine 
exerts, and d = Sin, 
In the second case, 

1-2T-Pmar ~ d^^ 
lb 

•ST = k^miu ,^rfi' 
lb 

where ^^max and ^^min are the maximum and minimum 
stresses to which the second shaft is subjected ; 

.•.•4T = A^.- d,^ 

• . •. A:max = ^ + JK^- l-5A:maxK 

. Pmax^^a _ l-5K.A:max 
4 

Amax = 6 Iv. 

In the second case, 

Ai ^T 



A;^max 12 T 



J; 




lido 
di = 5 22 in. 

Mxampie //,— A cast-iron opur wheel, with 40 teeth ot 
2 in. pitch f is keyed on a wrought-iron shaft Assuming 
that the whole effort is exerted on the corner of one tooth, 
and that the shaft is subjected to a bending momeet of the 
same magnitude as the twisting moment imparted to it hy 
the spur wheel, determine the diameter of the shaft for 
equality of atrength between it and the spur wheel 

Let n P be the force acting on the corner of & tooth where 
?t is a fraction, and P is the whole force acting on the wheel 
teeth j the moment of thia force ahout the section where 
breaking is like) j to occnr ie 



-7-. 



fh J2t^ 



where t is the thickneea of a worn tooth at the pitch '. 
assume 

t = ^mp n= 'i /= 4000 lb. 

whence P = i x 4000 x (^3G)" p* 

and p = 2* 

, \ P = 2000 X -1293 X 4, 
The radius of the wheel 

SO X 2 
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. '. the twisting moment 

T = 2000x40x1293x4 i^^h-pounds 

= 13200. 
T. = M + x/M- + 1*2 = 2-414 T 

w^here d = diameter of shaft and / = 5000 lb. 

d^ = 32'4 

d = 319. 

Example ///.— Sapposing the aftermost length of shafting 
in a ship to be supported on three equi-distant bearings 
which are in a straight line, and to be joined to the next 
by a loose conpling; show that considerable wear in the 
aftermost bearing may take place without any increase of 




— si£ 



' ^ 



c 



YW 



Fio. 80. 



the bending moment on the shaft, and explain how to 
determine the extent of the deviation of that bearing from 
the line of the other two, at which the maximum bending 
moment will begin to increase. 

Let ABC, fig. 89, be the shaft supported on two bearings 
at B and C ; we shall first find what the upward deflection 
at the centre of the span B C would be, and thence deduce 
the downward force Q there that will reduce this deflection 
to any desired amount. 

Let X be the distance measured horizontally from B to 
any point on B C, and let .v b<) its ordinate measured from a 
8m 
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horizontal line through C ; then, if M is the bending moment, 
I the moment of inertia, and E the modalos of the section, 

g= M_„KM = K(W(a + .)-P.) 
Hence <>. + ff = K (w«. + W § - P -^) 

When ic = 0, c?2 = — 2/1, where y 1 is the distance the bearing 
B is below the bearing C. When 

X = 2lf y — 
When a; =: ^ we shall get the deflection at the centre 

— C2 ^ - i (^2* 

but P = ^<'' + 20 

2 4 

Let Q be the force at the centre acting downwards that 
would cause the deflection at the centre to be zero. Then 

^ 48 El. 
(5 422 

. n :; Wa 3t/o 
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After Q has been applied, 

.p^ W(a + 2Z) _ Q 
ZC 2 

W(a±2J), 3 Wa Srfg. 
21 '^^ L 2YiL^' 

P = W(2Z + ^a) + ^||,. 

Now, as long as P is greater than W,jthe greatest bending 
moment On the shaft will be W a, and when P = W the 
bending moment will be W a to the middle bearing at which 
Q acts, bat when P is less than W the bending moment will 
be greater at the centre bearing than at B. Hence the 
deviation we want is that which occara when P = W. 

and c^2 = - Vi 

which is the deflection of B below the line of the other two 
bearings. 



CHAPTER XIII. 

Flange Couplings. 

A FLANGE coapling has to resist torsion; the bolts might 
give way by shearing, if too small. In the case of a crank 
shaft which is made in parts that are connected by flange 
couplings, the bending of the shaft will produce a tensile 
stress in some of the bolts, as well as a shearing stress. ::lt 
is not nsoal, however, to take this into account. Let fs be 
the shearing stress in the bolts, and /4that produced ^by 
torsion in the shaft ; then 

where n is the number of bolts, and d their diameter, d the 
diameter of the shaft, and D that of the bolt circle, if/s is 
equal to/. 
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In marine engine practice, however, there is no fixed ml© 
by which to design the flange coupling, although it would 
appear reasonable to mate both S and D fixed multiples of 
d, and the mean value of /jt, calculated from the indicated 
borae power, variea between 2,300 and 4,700. The following 
table gives examples of fiange couplings for marine- engine 
ahafting. 

Where the parts of the crank shaft are to be interchange- 
able, the number of bolts must be a multiple of 4 for two or 
four cranks, and of 3 for three cranks. 

In concluding the subject of shaf ting, we muat add a few 
lines on the lengtha of journals. lu the first place, the lawa 
of friction for lubricated journal a nnder constant or varying 
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pressure are unknown, and it is therefore useleaB to attempt 
to theorise on the subject. The reader will obtain plenty of 
information on this subject from the pages of enjtineering 
papers, and Buch books as D. K. ClarFa '* Steam Engine''; 
in short, experience ia our only guide. 

Example L — Two lengths of shafting are connected by a 
flanged coupling^ in which a sleeve, fig, 90, the internal 
diameter of which ia equal to the dianieter of the bolt circle, 
wraps both flanges, the bolt holes being formed half in the 
Ganges and balf in the sleeve. Determine the diameter of 
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each of tbe ten coupling bolts^ which will give to the couplinpf 
the sftnae strength as the aolid ahaft of Hin. di&ineter, that 
of the bolt circle being ITHn., and the thicknese of each 
^ange being 3|iiL,, the material of the bolt^ being of the 



*i*., 90* 



f same itrength as that of i;h« shaft. (Science and Art 

I Honours Machine Conatrnction ExanainatioDt 18^7.) We 

[ may luppoie one shaft to rotate while the other ia lixed^ and 

i we see that the bolt aeetion sheared throagb is 

H, 

I wl 



3J t^ + - d\ 



Hence 









which gires ua d = 1*49 in, 

E-mmple //.—Some of the dimensions of a Hookers 
coupling are shown in fig. 91. Supposing the ahaft to be 




fm. ?i. 



subject to toraion onlj, eatimate the diameter of the pina 
which, if they are made of the same material as the shaftSj 
will cause them to be equally liable to yield to the straining 
actions to which they are aubjected. 




The pin will either give way to shear or to bendE :Mig; 
Conaidering the former, let F be the sheariDg force ; ther 



7P 



16 



7/ -dr 

4 




where f^i ia the diameter of the pin, Hencej 

^ Iti X 7 

^1 = '982 in. 

If we anppoge the pin giv^a way by bending, we mv^ 
assume some point of action for the handing force* L^t Pj 
be this force, and let its overhang be | in. Then 

- ' 16 



ii\ 



■ a2 ^ 



= m d. 

Hence the lormer diameter is more suitable 



CHAPTER XIV, 

Besilience. 

The work done in deforming a bar up to the elastic limit is 
termed the resilience of the bar Let A be the crosa-sectioE 
of the l>ar, and / the stresa thus produced j then the -work 
done in pTodacing the deformation is ^/, A . f, where ^ i& 
the extension ; but 

— — ^— — Mi 
strain 



the modulus of elasticity ; 



fl 



wh^re t LB the length of the bar. 



If a foFoe P anddeDly acta upon an unatretched bar— e.^f., a 
^p bolt of the bearings of a vertical engine — the work done 
nil be 

.\ P = iJ\ A 

^d prodaces double the atreaa that it would cause if 
^'adually applied ; for this reason sudden changes of 
'Assure should be avoided as much as possible. 
If a bar ia aubjected to ahocka cauaing extension, its 
Bction should be as uniform as other circumstancea will 
Ui>w. If it is compressed by the shocks, the case ia 
litferent, becauae its tendency to buckle muat be coneidered. 
^ For thia reason the section of the body of a bolt is aome- 
itnea reduced so that it may be equal to the section at the 
K)fctom of the thread, but it would be unreasonable to make 
he section of the piston rod equal to the section of the 
ere wed end at the bottom of the thread - firstly, because 
he former must be given additional atrength to resist 
ompreasion ; and secondly, becauae it is alternately in 
ompresaion and tenaion, and would give way with a 
mailer atreaa tban when subjected to either teuston or 
ompresaion acting alone, while the screwed end ia only in 
ausion. The folio wing example will illuatrate the advantage 
1 bolts of uniformity of aection. Let ua compare the 
Bsi Hence per unit volume of two bolts A and B, in which 
, for one- tenth of its length has a sectional area which is 
ght-tentha of that of the remainder ; and B for nine- 
^ntha of ita length haa a aectional area which ia eight-tentha 
? that of the remainder; by "length" we meaa the part 
ibject to the full load— t.*., from tue point where it joins 
IB head. 

Let /' be the aafe stress to which each can be subjected ; 
It a be the area of the larger part of the bolt ; then the 
neatest total atreaa in each case is 'Sf a, ftiviog a atreas/per 
Luare inch on the smaller section. 

iet 10 1 be the length of each bolt and ,*? the estenaion of 
then 






et F be the force gradually applied to A or B that would 
rod nee the atroas / in the amaller part ; the reailienee of 




J 





Similarly, the refiilience of B is 

The volumes of A and B are 9^8 a I and 8-2 a I respectively, _ 
and tbf lefore the leai Hence per nnit Tolume of A iE-- 

reaiJ fence of A _ 4 1 ■ F . / . / 
volume o£ A VI 8 . a / . E 
and 

reBJlience of B ^ 4 9 F /f 

volnmeofB H2ai}^ 

. resilJeiiCf^ per unit volome of A ^ /5]?\'_ *7 

reaiuence per quil voinme of B \^'BJ 

ahowiDg that J weight for weight, the tirtt bolt has only 7 ' 
the power of resiatance to shock of the second. 

The follow iDg quefition waa given in an examination in 
machine construction of the Science and Art Department ; 
although not of a very practical natnre, it is iotereatirg: 
**BoppCBe a machine or other Btructnre to be atrained, 
within the limit of elasticity, by a load which la suddenly 
reversed in direction, Int unaltered tn magnitude ; and 
BUppcae the reveisal to be repeated each time at the instant 
when the structure has become moat strained by the 
previous application of the load* Show that the streea 
produced after n applications of a load P, to an originally 
unatrained stiuctuie, is tqual to that due to the steady 
application of a load at 2 n R" J 

The difficulty in answering this question is that Iff 
requires an inductive method of treatment, the knowledge 
of which, although uaefui to a mathematiciaui is not likely 
to be of service to an engineer. We have already ^hown 
that the prop o ait ion ia true when n equals unity. Let ua 
asaume it to be true when n haa aome value k ; we shall 
then prove its truth when n h I- + 1, and thua establish the 
propoeition for all values of n. 

We shall only consider the case when the atrncture is a 
bar u^on which a longitudinal force acts. By similar 
reasoning the reader can prove the truth of the propoaitiou 
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for a beam, shaft, &&, and thus establish it for any stmcture. 
We assume, then, that 

where fk is the stress produced by the kth, application of P. 
Then when P is again reversed 

(P + i/k a) . 8k '^ i/k + I . a , tk + 1 -¥ .sk + 1. 

where a is the sectional area of the bar, sk is the ^th 
elongation or compression, and sk+i that following. The 
above equation is obtained thus : Suppose the ^th applica- 
tion causes elongation, the work done by P after reversal is 
P (sk + «t + i), and by the resilience of the bar is ifk a Sk ; 
the work done on the bar is ifk + ia sk + ij and the sum of 
the first two quantities equals the third ; but 

!* = ^ *' + ^ 

.-. (^ + 1)P.2A;P + P./fc + i.a = ifh + ia^ 
a quadratic from which we obtain 

fk-^i.a =^2{k + 1)P. 
which proves the proposition. 

The Kesilibnce of a Shaft. 

Let r be the radius C D of a shaft, fig. 92, and let it be 
twisted, being fixed at the end E so that the line £C is 




Fig. 92. 

displaced to BA, forming a spiral. Then ADC is e, the 
angle of torsion for a length I, where B C = /. Then if / is 
the stress caused by torsion, and G the modulus of trans- 
verse elasticity, 

Gre=fJ. 

Qd 
d being the shaft diameter ; but 
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T 



.'. e 






16 



32TJ 



The following are values of G : for wrought iron 10,500,000, 
for cast steel untempered 12,000,000, and if tempered 
14,000,000. 

If Ve have, as is sometimes the case, to consider the stiff- 
ness rather than the strength of a shaft, we must use the 
above equation. According to Professor Unwin, 

n/ N. 
The following table gives values of ^ : — 



steel. 



Wrot. 
iron. 



iron. 



Stress changing little during work, and not reversing. . I 2'877 3-294 

Part of stress reversing at each revolution 3 "294 3'7T0 

Stress changing constantly between equal and opposite i 

values 4-149 | 4-749 



4-409 
5-lU» 

6-44(> 



The resilience per cubic inch of a cylindrical bar, subjected 
to tension only. 

Let A be the section and P the force that will stretch the 
bar to the elastic limit at which the stress is /i ; then the 
total work done is 

J /i . A. « . = resilience 

where s is the extension in inches. 



but 



^^ = E 



where I is the natural length of the bar, and E is the modulus 
of elasticity in pounds ; 



. •. resilience = i A A ^-, 
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SO that the resilience per unit volame is 

A! 

2E' 

The resilience of a rectangular bar supported at both ends 
^iid loaded in the middle, and so designed that the maximum 
stress /x ^ produced at every section and the curvature is 
<^QQ8tant. 

Ijet Z = 2 a be the span, W the central load, 6 the 
breadth, h the depth, and r the radius of curvature at any 
Point, 

r 
yrhere I is the moment of inertia of the section. 

6 12 r. 

A-4^- (1) 

r dx^ 

where x is the distance from the centre and y is the height 
of the centre line from a tangent to the centre of the beam, 
y being very smalL 

. ^ EA 

••' = 2A 

d^y _ 2 A 

dx- EA. 
It is clear that h is constant. 

dy ^ 2A^. , Aj^ 

. '. d, the deflection at the centre, 

_Aa2 



W 
Again, - 





EA. 




(.. 


-ar)=A 


t). 


hh = 


3W(a - 


-X) 
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Hence the total volame of the beam ig 



3Wrl- 



Hence the reailienoe per unit volame is 

The same fvrmnla appliee to all rectangalar beams of 
uniform strength, to coach epringa if properly designed, and 
to spiral eprings subjected to a moment whose axis eoincldei 
with the axis of the spiral. 

The resilience per unit volume of a cantilever loaded at 
the end, and of uniform section h lu 

Let X be the dbtance of a point from the end, and u ^^ 
small height of the point from the lowest point ot the beanL 
Then 



M = 


El.f-?. 


= w«. 


d z 


^ff-^ + C^ 




and C eyidently =^ 


2. 




•■•^'H- 


-^il^- 


«:») 



but when y = o^^ — o ; hence k = o. 
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resilienoe per unit volame is therefore 

W5. 



i 






= 111 
18 E' 

is also api)lies to a beam aupported at the ends, and 
d in the middle if of uniform section. 
B resilience of a solid cylindrical shaft 
ing the notation of page 121, we have 

resilience = ^ T . d . 

16 a 

.'. resilience per unit volume = --^- 

4 Ci. 

is also applies to a cylindrical spiral spring of wire 

rcnlar section. / 

B resilience of a solid square shaft. 

this case 

479' 

9 « = side of square, £0 that the resilience per unit 
ae 

= JTg ^ f,s.e, 

6-1 \)bSC 

T I 
*• "= -WIG.*. 4- 

e the resilience per unit volume is 

P 

6 475 a. 

is also applies to a cylindrical spiral spring of square 
»n. 
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CHAPTER XV, 

ExpANEtoN Valve Geaks. 

Theee are tnan^ famiB of expanBion valve gear. We ibfcll 
first coofiider tibosa La which a valve called the ^' expaQsi^Q 
valve ^' works on the hack of atiother called the ** dietribii' 
tion valve." A theoretical sketch is shown in fig, 93. HeW 
A, B are the two plates of the expanflion valve, and C is the 
distribution valve— ao called because it distributei the steasi 
to the steam passages and controls the exhaust. There ai^ 
two eccentrics, one for each valve, and there is, in all cflsei, 
some mechanism by means of which the point of cnt-oS* m&y 
be varied, 

1. The plates A, B may be pnt farther apart, the cut-ofl 
being effected by their outside edges. 

2. The travel of the expansion valve may be altered, and 
the cut -00' may be made by the outside or inside edges d 
A, B. 




3. The angle of advance of the expansion eccentric may 
be altered without altering its throw. 

By the word " throw/' we mean the distance between the 
centres of the shaft and of the eccentric. 

In fig. 94, if AB is the line of stroke, the direction of 
rotation being opposite to that of the bands of a clock, and 
if C, E, K are the centres of shaft, distribution eccentric, 
and expanaion eccentric, and if K M, E P are perpendiculara 
on A B, then the centre of the expansion eccentric is at a 
distance PlI to the left of the centre of the distribution 
eccentric ; so that if K G, C O are drawn parallel to C E and 
K E respectively, and G N is drawn perpendicular to A P, 
CI^ will always represent the distance between the centres 
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of the two valves. The relative motion of A, B to C is the 
mneaswoold be obtained if C were fixed and A, B con- 
nected to an eccentric having an angle of advance greater 
wan that of the distribution eccentric by the angle GCE. 
^ppoBe Q A, an angle greater than 180 deg., is its angle 
a advance plus 90 deg., and in fig. 95 take BOGS BCE, 




Fio. 95. 

BCK equal to ACG, ACE, ACK, fif?. 94 ; then when 
the crank is in any position sach as CD, the expansion 
valve will be C F to the left of its central position relative 
to C, and if the crank is at C H, then C L will be the 
distance between their centres, but the expansion-valve 
centre will be to the right of that of the distribution valve. 
Given the angles of advance of the two eccentrics, the 

I B I I 



f 10. oe. 

construction of a valve diagram is easily made ; make 
BCE, BCK equal to the angles of advance nlus 90 de;;. ; 
draw EG, CG parallel and equal to CK, EK ; take CG^ 
equal to C G, and describe circles upon them as diameters. 

This diagram enables us to solve problems in expansion- 
valve gears without having to consider the absolute motion 
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of each y^lve. If CM is made equal to .tr, fig', 03^ emd b i 
circle MNP be drawn, it ia dear that the plate B will clwe 
the port of the distribution valve when the crank is at C N» 
and re-open it when the crank reaches C P, Ifj when the 
centres of the valves coincide, the outside edges of A and B 
overlap the outeide edges of the steam passages, fig. W>, aod 
if CT te taken equal to Ji\ and a circle T R S he described, 
then steam will be cut oil' from the crank position CS to 
CIw and the passage will be opened from R to S, S beiug oo 
the circle whose diameter ia C G^. 

If it is intended to cut of!* steam by the inner edges of the 
expansion plates, take C M, fig. 97, equal to t/ in fig. 96, and 
draw a circle N M P with C as centre ; then the paasagfi in 
the distribution valve will open when the crank is at CK, 
because the expansion valve is now a distance i/ from its 



\ 



M 



relatively central position, and the passage will again close 
when the crank reaches CP, CG being the diameter of the 
resultant circle whose chords through C give the relative 
motions of the two valves. 

The port opening for any poaition C L of the crank is 
shown in lig. 1>8 by the part of the radius CL outside the 
circle C G, and inside the circle M N, If the crank line 
cnta the circle C GS then the port opening is C R + C S. Of 
course, the port opening can never be greater than the 
passage in the diatribution valve, so that the above show the 
distances between the outer edges of the valve plate and 
port. In tig. 1>7| RS is the port opening for the crank 
position C S. 
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I Meyer Expansion Valve, — In this valve the cut-off 
ezed by separating the plates bv means of a right 
aft handed screw jpassing through nuts fixed to the 
ilates. In fig. d8 It is dear that by decreasing CM 
kdins CN may be brought nearer to C A ; when C M is 
cut-off takes place when the crank is at C T. If the 
3 made positive the cut-off is still earlier, as explained 
V and illustrated by fig. 95. The latest cut-off occurs 

C G is the negative lap — i.e., x in fig. 93. 

shall next consider the rate of reduction of passage 
It cut-offl Let w be the angular velocity of the shaft, 
) the breadth of the passage of the distribution valve ; 




Fio. 98. 

when cut-ofi occurs at N the valve has moved a 
Qce Q L when the shaft has turned through the angle 
!i, fig. 98. The rate of reduction of passage area at 
ff is^ 

^ ^ QL.6 

time required to turn through the angle N C L 
. the distance N L is indefinitely diminished. 

y« Q^-^-^ = a;6a)tanCNU = 6.NQ.a,, 

CL 

ise the an^le C N U is equal to the angle Q N L when 
is indefimtely diminished. This is one method of 
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meainriog the velocity of cut-off, bat absence of wire- 
drawtQg doea not depend on the tnagnltode of /^ N G. A 
alow cut-ort' when the piston is moving slowl j tn&j he better 
than a more mpld cut-off when the piston ia mOYing faafeer. 
A better methoid of measuring the comparative rapidity of 
the cnt'off is to take A B^ fig, 0I>, to a small scale to 
represent the stroke of the piston, and to draw verticad 



H 
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Unea to represent the area of port opening at each point o! 
the stroke, Thna in fig. 9fJ AD is the lead, and the cy linger 
port is opened from D to E, when the openings of cylinder 
port and of distribntion-valve passage are equal, and the 
latter ia being rednced nntil cnt-oii takes place at C. 

It is clear that the larger the angle K C H, the better the 
cut-off, for K H is the redaction of port area at the sanj^ 
time that the piston moves through C H ; so that tan K C H 




FiQ. 100. 

ia the ratio of velocity of cut-off to piston velocity at cut-off, 
and this measures the value of the cut-off or absence of 
wire-drawiug* ■ 

It is important that the throw and angle of advance of I 
the expansion eccentric should be so chosen that the ■ 
expanaion valve does not re -open the passages before the 
distribution valve has cut off the steam, A faulty design ia 
shown in fig* 100, where C H. is the position of crank when 





"^ 



the latter cats off eteanj, and C G ia the reaultant circle. 

*oen, if the negative lap is mad^ greater than C N or C P, 

tfaeeut-off wili be later than C X, but the expansion valve 

irill fe-admit steam before C P, 

J^ as in tig. 101, C G lies on the other aide of C H, o? if it 
ooimddea with it, thia fault will not exiat In Hohnea' 

Stearn Engine" we find it atat«d that CG should coincide 
^hh C H, the position of the crank at cut-off, by the diatri- 
butioa valve ; but we do not always fiod it m in practice, 
beDBuaa thia will make cut-off taka place very alowly when 
the ex:panBion and distribution valves cut off aimultaneously, 




Fio, 102, 

bacanse N G will then he zsroj fig. 101. If the normal cut-oti* 
ia earlier in the atroke (say at about one-third)j and the late 
cut-off ia only used for starting the enginp, this is of no 
conee quince, and will not affect the efficiency of the engine. 
If in fig. 102 the normal cat -off takes place when the crank 
ia at C L, we ahould make the velocity of cat- off' equal to 
that of the distribution valve. Draw M G at the same 
distance from C L that E is from C H, the position of crank 
when the distribution valve cuts off'. Then any point G on 
M G will make N G, which meatiirea the velocity of cat-off 
of the expanaion valve, equal to E P, which meaaures that 
of the distribntiou valve. The lea^t velocity of cut-off ia 
measured by G Q» the perpendicular on C H, this being the 
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iettled the position of the expansion eccentrie, we must i 
find the least negative Up of the expansion valve, or iti 
greatest overlap, to give the earliest cut-off that is rfquire^f, 
and which is nsnally at the beginning of the stroke. 
Soppoae (fig, 95) that ths earliest cut-ofi* is to take plftce 
when the crank is at C N, then C K is the least negative 
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lap; OF, if the crank u at CS, then OS ifl the greatest 
poaitive lap. The plates of the expansion valve mutt not 
be too abor^ or the pasaagea may be re-opened by the inner 
edge of the plates reaching them- To find their correct 
length, we remember that the relative half-travel of the 
expansion valve is G Gj m th&t the right-hand plate, tig. M^ 
^U move C G to the rights so that the length of plate must 
be I + width of passage + C G + about i in,, to prevent 
the passage re-opening ; if x ig negative, tlien we may snb- 
^^fftct it The inner ends of the plates should toucli one 
another when the negative lap has the greatest valne 
ititenddd. 

Sartnell ami other Ei^pandon ^ear^,— The second method 
*** altering the cut-off ia by varying the travel of the 
I ^^alve, the lap being unaltered. The cut-off may be made 
\ hy the outside or inaide edges of the plates. An example 
I ^^ the former is the Hartneli automatic expansion gear. 




fig 103, in which the eccentric rod end is iixed to a slot, 
pivoted at one end, in which a block can be raised or 
lowered by the governor To the block is connected 
the expansion valve rod, so that the lower the block in the 
slot, the longer the travel of the valve and the later the cut- 
off. We shall now consider the theory of thia gear. 

In %. 104, let BCE be drawn equal to the angle of 
advance of the dbtribution eccentric, plua 90 deg,, and 
B C Ks be a similar quantity for the expansion eccentric. 
We may begin by assuming that the two eccentrics have 




134 



HARTIOELL AND OTMBli 



equal thrown. Take E Gj, EGg, *fec., on EG,, whl^^Im ^ 
parallel to C K^, equal to C Ki, C K^, ifec, reBpectiv^r; 
then CGl, CGo, i,ic., are the resultant cirtlea, when OA/f 
C Ka, *fec., ar©"^ tbe half travels of the expanaion va/^- , 
With CMi as negative lap of the plates of the expansii?^ §:'i} 
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valve, it is clear that the cut-ofl' is later the longer tbe 
travel of that valve. This will be seen at once if circka m 
described with C Gi, kta, as diameters. 

We ahall first consider the effect o! varying the tbrefl 
important quantities in the deeign, viz., the negative lap 
of the expansion valve, which is generally made doublf^ 
ported, and the angles of advance of the eccentrics. CG^ 
is drawn perpeDdicular to E Gs, and, with C M^ as hp, the 
velocity of cut-ofi ia proportional to G^ N^, and this is its 
least velocity, and the latest cut-off is when the crank ia at 
C G21 supposing that C G^ is the greatest relative half 




travel allowed and G^^m is perpendicular to C Gg, Cfl* 
being equal to C M^ Suppose tbe lap increased to C M?i 
then the lea at velocity of cut off is reduced and ia pw- 
portional to G^ N^ : but, on the other hand, the latest 
cut-ofi' possible is at C H. In fig. 105 is shown the effect w 
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£ TJ^^ the angle K C E. This rediicea QQ,, and therefore 
,?iJ^Bt velocity of cut-off; but if the latest cnt-oti'is fixed, 
^'^;.^^dDctionlesaenaCa.. 

J^^Ppoge E C K and the lap fixed, then an increase of the 
^^'1^ of advance of the distriliation eccentric inereagea 
^"■E| with oat any corresponding advantage, so that the 
^m^ of advance of C E ahonld be amalL In order to obtain 
^i«, we may make cut-off by the distribntion valve take 
Pmht abont *S of the stroke. In rig. 107 this has been done, 
•jiti the expansion valve so designed that cut- off can take 
place anywhere from the commencement to six- tenths of 
toe fltroke. The angle of advance of C K is GO deg., and 





FiQp UJ7, 

E G ia drawn purallel to C K ; from G on the circle G m^ is 

drawn perpendicular to Ck^ giving the negative lap, C^ 
is perpend iculflr to E G, and when the half travel of the 
expanaion valve is Eg the cntotf takes place with least 
velocity, the crank being at Cm^ ; it CI is the outside lap^ 
I being on C H, then the velocity of cnt-oS'of the distribution 
valve is proportional to E^, and of the expansion valve, 
which ii double- ported, to twice f/^i- It will be found on 
measnring the figure that 

2 If mi = E^, 
so that these velocities are equal 

It must be possible to reduce the half travel of valve to 
E», Mn being perpendicular to AB, if cut-ofT is to take 
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place at the comni en cement ol the itroke ; if its leaBt Tahe 
is greater, the earliest cut-ofF will he only a trifle later The 
greatest relative travel of the two valves haa been made 
equal to that of the distribution valve, and its greatest 
nctual travel is 17 that of the distribution valve, bebg 
2 E G. In fig. 108 a m repreaenta the stroke of the piiton, 
and a n the full port opening of the diatribntion valve ; any 
ordinate to the curve bed is its port opening for a point of 
stroke represent ed by the abscissa, and the dotted linefl 



/j rt 




hhofw by their ordinates the port openings obtained wbea 
the expansion valve cuts off at l, h, and r\ the valve being 
double- ported. It will be seen that the ratio of velocity of 
cttt-ofl' to velocity of piston is greater than that which 
would be obtained by cut-ofl' with \hn distribution valve. 

We have already atated that cut-ofF loay be effected by the 
inside edgea of the plates of the expansion valve* Theis 
have positive lap, and the cut-ofl is altered by increasiBg 
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or reducing the travel of the expansion valve. If C Gj fifr 
109, is the resultant circle for the right-hand paflsagej 
admiision takes place when the crank is at H and cut-ofi ^^ 
K, C H being the lap, because the chords of this circle 
drawn through C give the relative motion of the expaniion 
valve to the right of its central position ; and when it i* 
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or the lap to the right, and moving to the right, 
sion comtuences, and when mcving to the left^ cut-ott 
p takizLg place. 

110 let AEB be the direction of rotation, and 
the ana:le of advance of the distribution eccentric, 
b 90 deg. Let C D be its throw, and C E the position of 
\ crank at earliest cat-oC Take C H, the lap of the 
bn^on valve on C E^ and draw H O a perpendicular to 




Fio. 110. 

It is naaal to take C H equal to the lap of the diatri- 
Ion valve. With centre D, and radina DOj the throw 
the expansion er^c^^nfcriCj draw an arc, cutting H O in the 
lit O, and join C O. Complete the parallelogram O D T C. 
in T C B is the angle between the centre line of the 
^nsion eccentric and the crank D is generally taken 
lal to C D. When the travel of the expansion valve is 
(need to iiero, the cut-ofF by the expansion valve is the 
|6 as by the distribution valve, and as the travel increases 
Iwioe C T, then C O ia the diameter of the resultant circle, 
I C H La the position of the crank at cut-off. If C IT is 
r half travel of the expansion valve, and C V is drawn 
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parallel to D U, then C V b the diameter of the reaulUc^ ^ 
circle. When C U D ia a right angle, the expansion valv^^ 
hm ita least velocity of cut-oft; and the opening of the steaiio 
pafliagea in the diBtribution valve ia least. 

The third method we mentioned above was that of 
altering the angle of advance of the expansion eccentric 
without increasing or decreasing its throw. 

In fig. Ill €E representa the distribution eccentric OK* 
C Ki two positiona of the expansion eccentricL C G and 




Fjq. 111. 

CGi are paraUe), and equal to K E and K^ E^ and are tbe 
diameters of two resultant circles. When the expansion 
eccentric ia in the position represented by C £, cutoff takes 
place when the crank ia at C G, the negative lap of tbe 
expanaioQ plates being C G. When the angle of advance p 
increased lay K C Kj, cut- off takes place when the crank is 
atCH, In order to rotate the eccentric on the shaft* 
flywheel governor U generally used, such as that shown ii^ 
fig, 112. Here C is tne eccentric sheave, A, A are weighta 
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^J^d at h^ hi and connected to the sheave by the links ^, j?, eq 
^*^^t when they ily out C ia rotated. The iprings F, F 
appose the weighti, and in order to compenaate lor the 
I^^^ing leverage of A, A, the springs P, P are added, 
loese are also intended to overcome the friction of the 
halves and valve gear. 




We shall next consider two valve gears in which only- 
one eccentric and valve are used. In the first of these the 
eccentric is formed of a sheave C, fig. 113, and a ring B, 
the centre of the latter determiuing the motion of the valve. 
The two levers 1, 1 are connected by the rods 2, 2 to C, ajid 
hy 3 to D, so that when the levers fly out, fig, 114, D is 
moved in the direction of the hands of a clock, and C in 
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the oppoeite. Thus the throw and angle of advaaoe of the 
ring D can be altered. This ia the arrangement in the 
Arti)ington*Sims high-speed aatomatic cut-o*i engine* 

In order to keep thft lead constant, fig, 11 &, the point e^ 
the cf^ntre of thp ring; D, iig. U3, must be moved along th^ 
Une E D, where C O is the lap, pi as lead of the valve, and E 
is the position of the centre of the ring when C, F, and E are 
in a straight line and the valve has maximum travel. In 
the figure, C B is the position of the crank, as in this engint? 
a piston valve, admitting steam from between the pistons 
and exhausting it at the outside of them, is used. 

The second valve gear is that used in the Wegtinghouae 
high-speed engine. The eccentric and flywheel governor 
are shown in figs, IIG and 117, the former showing the sheave 
in the position for maximum travel of the valve, and the 
latter the minimum. The two levers B, B are pivoted 
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at 6, b, so that when they fly out they pull the sheave C 
across the ahaffc S about its pivot d. The springs D oppose 
the action of the weights^ so that the parts are as in fig, 110 
until the engine is within a few revolutions of its full 
speed The centrifugal force of the weights then over- 
balances the force of the springs, and the throw of the 
eccentric is reduced, while the angle of advance is increased. 
In tig* 118 A B is the greatest travel of the valve, and 
G C E the angle of advance of the eccentric when it gives 
the valve this travel ; E D, an arc of a circle, is drawn with 
a radius etjual to the distance fron^i the centre of d to the 
centre of the sheavej tig. 116. The lead thus increaBes with 
the number of expansions, for if C H is the radius of the 
lap circle, C D - C H is the lead when the centre of the 
sheave is at D, while C L - C H is the lead when the centre 
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equal throwg. Take E G^ E G^, (Jkc,, on E G^, which is 
parallel to C K^, eqoal lo C Ki, C Kg, 6:c., respectivel j ; 
then CG^, CGs, *.tc., are the reeuUant circlea, when CKi, 
C K2, i&Ct are" the half travela of the expansion ydlm 
With CMi as negative lap of th^ plates of the expsmlon 
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valve, it is clear that the cut-off ia later the longer the 
travel of that valve. This -will be seen at onee if circles are 
described with C Gi, tta, as diatBetera, 

We shall first consider the eifect of varying the three 
important quantities in the design, viii., the negative lap 
of the expansion valve, which is generally made doublfi- 
ported, and the angles 0! advance of the eccentrics. C Gj 
ia drawn perpendicular to EGs, and, with CM^ as lap, the 
velocity of cut-ofi is proportional to G^ N^t and this is iti 
le&at velocity, and the latest en t- off is when the crank is at 
C G21 supposing that C Gq is the greatest relative half 




travel allowed unH Ocfn is perpendicular to C G3, Ct» 
being equal to C M,. Suppose the lap increased to'C M^ 
then the least velocity of ctit-off is reduced and is ppo 
portional to G3 N^ ; but, on the other band, the latest 
cut-off possible ii at C R In fig. 105 is shown the effect of 
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^dncing the angle K C E. This redacea C G j, and therefore 
Ue least velocity of cut-off; but if the latest cnt-off is fixed, 
tflia reduction lessens C Go, 

Sappoae E C K and the lap fixed ^ then an increase of the 
ftnele of advance of the distribution eccentric increases 
CGE, without any corresponding advantage, ao that the 
fttigle of advance of C E ahonld be amalL In order to obtain 
thia, we may make cut-otF by thp diatribation valve take 
place at aboot *8 of the stroke. In fig. 107 this has been done, 
and the expansion valve ao designed that cut-off can take 
place anywhere from the commencement to six-tenths of 
the stroke. The angle of advance of C K is COdeg,, and 
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EG IB drawn parallel to C K j from G on the circle G m^ is 
drawn perpendicular to CA, giving the negative lap Cf/ 
is perpendicular to E G, and whsn the half travel of the 
expansion valve h Eg the cut- off takes place with least 
velocity, the crank being at Cmj_ ; if C^ is the outside lap, 
/ being on C H, then the velocity of cut-off of the distribution 
valve is proportional to E/, and of the expansion valve^ 
w^hich is double- ported, to twice g w^. It will be found on 
jneasnring the figure that 

2gmi ^ E/j 
BO that these velocities are equal* 

It must be possible to reduce the half travel of valve to 
En, Mn being perpendicular to A B, if cut-off is to take 
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plioe at the cotnraencenient of the stroke ; if if« least value ] 
18 greater, the earliett cut-off will be only a trifle later. The 
greatest relative travel of the two valves has been made 
tqual to that of the diatribution valve, and its gieateBt 
Rctual travel ia 17 that of the diatribtition valve, being 
2 K (.}. Ill fig. 108 a j» represents the stroke of the pijton, 
and a n the fuU port opening of the distribution vaive ; any 
orttinate to the curve bed is its port opening for a point oE 
stroke represented hy the abscissa^ and the dotted Iwm 
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*-how by their ordinates the port openings obtained when 
the expansion valve cuts off at /, A, and /", the valve being 
doable- ported. It will be seen that the ratio of velocity of 
out^otV to velocity of piston is greater than that which 
would be obtained by cut-off with the distribution valve. 

We have already stated that cat-off may be effected by the 
inside edges of the plates of the exj^nsion valve. These 
have positive lapi and the cut-off is altered bj increasiDg 
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or reduciug the travel of the expansion valve. If C G, fig* 
101>, is the resnltant circle for the right-hand passage, 
admission takes place when the crank is at H and cnt-ofl si 
K, OH being the lap, because the chords of this circle 
drawn through C give the relative motion of the expansion 
valve to the right of its centra! position ; and when it is 
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C H, or the lap to the right* and moving to the rifi^ht, 
admiasf on comEuences, and when moving to the left, cut-o^ 
is just taking place. 

In fig. no let AEB be the direction of rotation, and 
BCD the ancrie of advance of the distribution eccentric, 
plofl 90 deg. Let CD be ita throw, and C E the position of 
the crank at earlieat cat-oE Take C H, the lap of the 
expansion Tal^e on C E, and draw H a perpendicular to 
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CK It ts usual to take CH equal to the lap o! the diatri- 
butioB valve. With centre D, and radius D O, the throw 
of the expansion erjcentric^ draw an arc, cntting H O in the 
point O, and join C 0, Complete the parallelogram O D TC. 
Then TCB is the angle between the centre line of the 
expansion eccentric and the crank. D O is generally taken 
equal to C D. When the travel of the expansion valve is 
reduced to zero, the cut-off by the expansion vaive is the 
same as by the distribution vah*e, and as the travel increases 
to twice d T, then C is the diameter of the resultant circle, 
and C H is the position of the crank at cut-oif. If U ia 
the half travel of the expansion valve, and CV is drawn 
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parallel to D U, then C V ia the diameter of the teanltaat 
circle. When C U D is a right angle, the expansion valve 
has ita leaat velocity of cut-off; and the opening of the ateam 
paasagea in the diatribution valve is least. 

The third method we mentioned above was that of 
altering the angle of advance of the expansion eccentric 
without increasing or decreasing its throw. 

In fig. Ill C E represents the distribution eccentric CK* 
CKj. two poBitiona of the expanaion eccentric CO and 




CGi are pamlleJ, and eqnal to KE and K^ E, and are the 
diameters of two resultant circlea. When the expanjaion 
eccentric ia in the position repi^sRnted by C K, cut-off takes 
place when the crank is at C G, the negative lap of the 
expanaion plates being C Q. When the angle of advance ia 
increaaed by K CKi, cut-off takes place when the crank is 
atClI. In order to rotate the eccentric on the abaft a 
flywheel governor is generally naed, such aa that shown in 
tig* lia Here C is the eccentric sheave, A, A are weights 





We shall next consider two valve prearH in whicb only 
one eccentric and valve are need. In the first of these the 
eccentric is formed of a sheave C, fig. 113, and a ring D, 
the centre of the latter determiniDg the motion of the valve. 
The two levera 1, 1 are contiected by the rods 2, 2 to C, and 
by 3 to D, BO that when the levers tly oat, fig. 114, D is 
moved in the direction of the hands of a clockj and C in 
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|.^J^^^fiite. Thus the fchroT^ and angle of advance of the 
^mi^ can be altered. This ia the arrangement ia the 

T^^ton*Sima high-speed automatic cct-ofi' engfine. 

i-tt oi*r**, *« v^o« *^i,„ i^„j _-.^^*„^4. c« 11^^ tjjQ PqIjj 

moved along the 



*i^^ J^^fier to keep the lead constant, fig. 115j the point e, 
wT^^i^^ of thf- rinp: B, tig. 113, must be i 



th « ^ ■ *^ valve nas maximum travel, in 

^Be tigQre^ C B is the position of the crank, as in this engine 
* piflton valve, admitting eteam from between the pistons 
^M exhansting it at the outside of them, ia used. 

The Becond valve gear is that naed in the Westing house 
nigh-apeed engine. The eccentric and flywheel governor 
ftre shown in figs, 116 and 117, the former showing the sheave 
in the position for maximum tra"v'el of the valve, and the 
latter the minimum. The two levers Bj B are pivoted 





'"ftt hj bj BO that when they flj^ out they pull the sheave C 
across the shaft B about its pivot d. The springs D oppose 
the action of the weights* so that the parts are as in fig, IIG 
until the engine is within a few revolutions of its full 
speed. The centrifugal force of the weights then over- 
balances the force of the springs, and the throw of the 
eccentric is reduoed, while the angle of advance is increased. 
In tig. 118 A B ia the greatest travel of the valve, and 
G C E the angle of advance of the eccentric when it gives 
the valve this travel ; E D, an arc of a circle, is drawn with 
a radius equal to the distance from the centre of d to the 
centre of the sheave, fig. 116. The lead thus increases with 
the nnmber of expansions, for if C H ia the radius of the 
lap circle, C D - C H ir the lead when the centre of the 
sheave ia at Dj while C L - C H ia the lead when the centre 
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is at E* To find the pomts of adiniasion and cat-off when 
the throw is C F, make K H M a tangent to the lap circle a* 
H, cutting a circle through F in K and M ; then CM, CK 
are the poiitiona of crank at admisaion and cut-oC 

In another form of expMiaion valve ^ear there are two 
valves ; one of these is an ordinary slide valve, and the 
other moves not on the back of this valve, but over fixed 
passages A, B, %, lllX The cut-ctt" is altered hy changing 
the angle of advance of the expansion eccentria When 
this te the sanje as that of the distribution eccentric, the 
cut-oft" and admisaion by both valves will l)e stmulfcaneoiiF, 
if both valves have the same travel and outside lap, but 
when the angle of advance is increaaed, both admission and 
cut-otf by the expansion valve will be sooner. 

In tig. 120 B C E is the angle between erank and diatri- 
bation eccentric, and the latest cut-off is when the crank is 
at C G J when the angle of advance of the expansion 
eccentric is B C F minus 90 deg., cat-off is at C H. 

The Buckeye Yalts Gear. 

In this valve gear the expansion valve works on the back of 
the distribution valve, but by an arrangement of links its 
relative motion is so arranged that it is always eqoal to 
twice the th row o f the ex pans i on eccentric. Fig. i 2 1 e x pla ins 
this. Here fj is the distribution eccentric which drives the 
distribution valve direct by means of the upper valve 
spindle^ within which is shown the expansion valve spindle 
which is actuated by the lever fdc^ d being a pivot on the 
lever e b, whose fulcrum ia t. Neglecting obliquity, the point 
d has a horizontal displacement in the aame direction as the 
distribution valve and of half its amount, and hb fd =^ dc^ 
f is moved forward a distance equal to twice the movement 
of d from its middle position, added to the motion of c from 
its middle position, this latter, however, being reversed in 
direction. Hence the relative motion of the expansion 
valve to the distribution valve is equal and opposite to the 
horizontal projection of A's motion from its central position. 
In order to vary the cut-oft; the angle of advance of A is 
altered, and the expansion valve diagram is shown on ft 15. 121 ; 
the nearer C E comes to A, the earlier the cut-oft" C H. 
Forma of this valve are shown in figs. 122 and 124, and a valve 
diagram, with ordinates, valve openings, and abacisEie parts 
of the stroke, in fig. 123* 
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Stevenson's Lenk Motio>\ 

An Bpproxifnate solution for this is shown in figa Uh tad 
12(y. Jf the link be oi^en- armed— that ia to lay, H the crank 
pin is at its furthest from the cylinder when the arms do not 
croas^the const ruction is shown in fie. 125, but if the arniaire 
crossed^ in fig. 126. Draw C L, C L\ L L' equal to the lengtbi 
of rods and links respectively, and C E, C E' to repn^sfttt 
the position a and throws of the eccentrics. Draw EDB 
perpendicular to C L, and draw an arc E B E'. Then, if 1 
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E B be divided in any ratio at e' e" e" and L in the same 
ratios, the lines C ^' C c" C e"' give the equivalent eccentrics 
when the block L& in the link at the second three points. 

By equivalent eccentric we mean that which would give 
to the valve a motion very aimilar to that which it actually 
has. 

It will be noticed that the lead is greatest in mid-2ear if 
the arms are open, and least if they are crossed. When s 
link motion has been designed, an exact method of drawing 
the motion of the valve for any position of the reveraini: 
lever is shown in fig 127) and is due to Messrs. Coate and 
Maniquet. 

Let be the shaft and of a d h the link work, while h^jh 
the suspension link. Make a template r st^ whose arc r t is 
fl truck v?ith a radius equal to that of the eccentric rod 
Mark off O equal to this radius, and draw of\ o 6' parallels 
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the maDDer described, and a tracing of the centre line of the 
link a g d be applied to the figure, so that a and d lie on the 
arcs, and g on the circle whose centre is A, then the valve 
block is at ;?, and the motion of this is the motion of the 
valve. It will therefore be unnecessary to draw O/, 06, fa^ 
fdf and thus much space is saved ; but the horizontal dis- 
tance of k from the right band is lesa than its horizontal 
distance from the left-hand O by an amount equal to the 
length of the eccentric rod. 
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Corliss Valve Gears.— -The principal Corliss gears may be 
^ed into two parts, viz., those that operate the steam 
id exhaust valves by one eccentric, and those that use two 
centric& In the former, the cut-off cannot be much later 
an one-third of the stroke ; while in the latter it may be 
lywhere, bat is usually not later than 80 per cent of the 
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oka A Corliss cylinder ia shown in section in fig. 128''^, 
i in side elevation in fior. 129.^ The steam valves are A, 
I exhaust B ; both oscillate, but the former are brought 
»k to effect cut-off by the springs C, C, when the jaws 
D are opened by the crosspiece i, fig. 130, and the part e e 
which the end of the valve lever is connected is released, 
e inclination of i depends on the position of the levers I, 
ich are controlled by the governor, so that the cut oil 
y be altered. The eccentric rod F operates the wrist 
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ite L, and there may be two wrist plates and two eccen- 
cs if desired. The following theoretical treatment of the 
)ject is summarised from articles by Mr. James Dunlop, 
biished in The Practical Engineer of June 24 tb, 1892. 
Che motion of the valve is supposed harmonic — i.e., the 
oe as would be produced by a crank and very long con- 
iting rod, and in fig. 131 A B is eqaal to the travel of the 

•From HuluQOs' "Steam Enfeino." 
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?J^?^ to a smaller scale, the line of stroke ; the direction 
l^^^oii ia anti-clock wise J and M O + O L is the overlap 
pc Valve when it has been drawn over the port by the 
r?J* Thia is equivalent to what is generally termed the 
*^^ft lap plus half the valve travel, so that chords of the 
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e E drawB throtigh represent for each crank position 
diatance of the valve from the commencement of the 
ke, less O M, If we draw the line O F through the points 
^tersection of the circle, whose radiua is L, and that 
le diameter is O E^ we have the crank at admission, and 
^ ia the width of port, it is full open when the crank is 




Tta. i;ia. 



\ G, so that J E is the part of the stroke traversed before 
|»ort is fully opened, if there were no tripping, the cut- 
rould be at O P ; but as tripping must occur before the 
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tilt eiul of its stroke, the lati'Bt ciit-oH mmt U 
k at D £ or the piston at >L 



Kow^ «i«eli of the •drmntage of aiatomatic expandon over 
Uirottimg !if« ia the feet that engines can he '* over-loaded - 
» f^ work at » ktt ezpanfios, and therefore higher powefp 
thfta llMkt vliii:k la mtmt economical, and for whicb tlt» 
cvluKkr has be«ii defiigned. UnnecessarUj idle plant ii 
laerfrbj latieilp with conieqaent reditction of capital e xpenie- 
Umm AIL aiTi2if«iii€iit in which two eccentTice are nted, &> 
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that the angle of advatice of the Bceentric that drives 
flteam valves need not be 6xed to suit the exhauat valves, is 
preferable. The angle of advance of the exhaust eccentric 
may be made to suit th^ pointa of exhaust and compresaior, 
vhtle the steam eccentric; should lead the crank by an angle 
equal to A O M or E O B, *ig. 132, which angle is fixed by the 
latest cut-off we wish to have. Thus, in the figure, A K is 
eight-tenths of AB^so that the latest cut-off is at eight- 
tenths stroke, rotation being clock ways. On O M describe a 
circle, and draw O F, the crank at admission ; thi« 
determines A N, which is the overlap of the steam valve 
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when pulied back by the spring ; for it will be clearly seen 
that the parti of the radii intercepted between the circlea 
M O and M E B are di stances the valve has moved from the 
end of the stroke for any crank position. The port opening 
is the part of th^ diameter of the circle lying between the 
circle N T V and the circle O M. Thue, at the crank 
poaition OG the port opening ii T H, where H is on TO 
produced. Of course this cannot be greater than the breadth 
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of the port* The valve reaches its extreme travel when tho 
CTftnk ia at E, and tripping cannot be later than this. In 
desigBing the valve gear we may assnrae the angles of 
admission and cut-oil*, draw a circle with any radius O A^ and 
thence tind what A N and the width of port would be with 
the half travel O A, asa\iming, of course, some crank 
position for full port opening. Then, for the desired port 
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's r^m g—ri. — In fig. 1S3 tre 

to tlie T%tve ipmdle, 
D& Is «fe iocBer e^se the 
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in the Utter it is on the same aide. The point F can have 
any poiltion on the arc F G struck with cjentr© C^ but for a 
given ratio of expansion is a fixed point The further F la 
from C K, the later ia the cut-off^ and the engine ia reversed 
by ahifting F C to G C. Thia rod ia called the radius rod* 
and if to tne left of C K the point C swings in the arc L M, 
and 1^ and D trace out oval curves, the vertical displacement 
of whose points above and below the line A C, which is at 
right angles to the line of stroke, give the upward and 
downward diaptacementa of the valve from its middle 
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po^itioa ; ao that if F Q be drawn parallel to A C, and at a 
height above it equal to the outside lap at the lower end of 
the valve, then the height of D above P Q gives the port 
opening at the lower port- It can readily D© seen that for 
any position of F C we can find the points of cut-off, ex:hanflt, 
oompression, and admiaaton. The proportions given by the 
imventor for Bremme^s vah'e gear are as follow, if the length 
ABisr/- 

The eccentric rod B C is (J r. 

The radius rod F C is 6 r. 

The lead arm T> C ia 4 5 r\ 

The deviation angle F C K should not exceed 25 de^. 

The outside lap is "Or, ^nd the inside is negative, and 
•007JI n In the position of F C shown, the crank will rotate 
in the direction of the clock if the valve is moved by E, and 
in the opposite direction if moved by D, 

The curvature of the path of C, and the obliquities of 
B C, HE, and R D, have considerable influence on the 
motion of the valve. 

We shall fir at consider the case- in which the path of C is a 
straight line perpendicular to FC, whose inclination to the 
vertical we will call a, fig. 134, And that B C is so long that 
the horiz octal displace nient o£ E is the same as the hori- 
zontal displacement of B. 

Let & be the angle that A^^ makes with AB, and let 
A B — K Let a: be the horizontal die placement of b and of e. 
Then 

jr = r Bin e. 

Let ^ be the vertical displacement of f, and| therefore, the 
distance of the valve from its mid- stroke. 

j^ — m dC + (?' cos & - m :r), 
where m is tangent of the angle c C A, and 

Bn 

n = 
1/ = 7'^ sin (d + a). 
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q Sm a = - , 



q = 



_ I m'^ in - ip H- I 
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I^mde of expamion ia 
it ol tbe eqnivatent 



r = r m * 



v>= + 
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m tlivt tliis g«ar, ftlfiOt is BimiUr to the precediiiR case, 

He aabject of radial Tal^e gfars, howevt-r, ia extremely 
ooiaplex wiieii tbe etf>ct8 doe to the obliquitj of the rods 
and the currmtore <if C ff path are taken into account Theee 
are thorodpthlj diacimed in a paper by ^Ir Joseph HarriBon^ 
ppbUshed in the Proceedingi of the Institation of Civil 
Kngineera 

Hadial Valte Gea£9. 

In the design of valve gearing it is desirable, as far as 
possible^ to s^^ctire condiTions givins Bimilar distrihiition of 
steam on both sides of the piston. O w^ing to the shortnf^ss 
of the connectiDg rod, the motion of the piston is not 
symmetrical in the advance and the return strokes ; in the 
former— namely, that in which the movement ia towards the 
crank ahaft^the piston is more or leas in advance of its 
hannonto poaition - that i$i, the one corresponding to an 
indehnitely long connecting rodj while in the latter the 
piston is l>ehind such position. 
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If tlie valve is driven by an ordinary eccentric and rod, 
the obliquity of the latter is ueuaJly so small &a aearcely to 
afiect the harmonic motion of the valva In an engine 
working nnder these conditions the resnlt in, that if tlie 
valve is set with equal leads or nort openings on the two 
aide^, the point of cut-off is diHerent in the two atrokea, 
being later, and tberefort^ canelDg a greater average pressure 
in the advance stroke. In the inverted yertical engine, the 
ineqaalitj in the acting foroea arising from this cause U 
augmented on account of the weight of the reciprocating 
part&f and of the loss of area due to the piston rod, so that 
in marine engines it is common to give more lead at the 
lower than at the upper edge of the valve ; bat this unsym- 
metrical settiug can be employed to an extent which is only 
partially effective in equalising the cut-otl*, for it introduces 
an ineqnality in the maximum port opening, as well as in 
the point at which steam is admitted to the two sides of 
thfipiston. 

When a link motion or radial gear is used, irregularities 
in the motion of the valve are introduced, which may either 
increase or diminiab the evil effects due to the ahortneaa of 
the connecting rod, and, under fa%^o arable conditionst may 
attord an opportunity of obtaining partial or complete 
compensation. 

In this paper^ the nature of the recjuired compengation is 
first examined, and then an analysis given of the motion 
of the valve in several typical forms of radial gears. The 
investigation shows how far the respective gears are capable 
of giving symmetrical steam distribution, and rules for their 
design are deduced, A method of determining the velocity 
of the valve at any point is also shown. 

The valve diagram of Reuleanx, as modified by Grashof 
and by Coste and Maniquet,^ is the one best suited to the 
purpose, and will now be briefly explained. 

Fig. 135 is a diBSfram of the mechanism of a horizontal 
engine where C K, K L reprfisent respectively the crank and 
connecting rod, and OF, F Q the eccentric radius and 
eccentric rod. 

Since the motions of the piston and valve are similar to 
those of L and Q, it is seen that the displacements for mid- 
position, for any crank anglfl &^ arw equal to the distances, 
measured parallel to A C, of K and F respectively from the 
circular arcs b b^' d d\ strnok with radii equal to L K^ Q F 
respectively- 

* Traitv th^odq licet frntiqus due MichlBes a Vapeui au point do vue d« bn] 
distribution. iSSfl. 
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CorlUu Valve Gears. — The principal Corliaa gears may be 
divided into two parts, vi;s,, those that operate the steam 
md exhaust valves by one ecceotric, and those that use two 
eccentrics. In the former, the cut-ofl" cannot be much later 
than one-third of the stroke ; while in the latter it may he 
anywhere^ but ia usually not later than 80 per cent of the 
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stroke. A Corliss cjHnd*^r is shown in section in fig. 128*, 
and in side elevation in tia:. 120.* The steam valves are A, 
the exhau&t B ; both oscillate, but the former are brought 
back to effect cut-off by the springs C, C, when the jawa 
D, D are opened by the croeapiece \ fig, 130, and the part ^# 
to which the end of the valve lever is connected ia releasedt 
The inclination of i df>penda on the position of the levers l^ 
which are controlled by the governor, so that the cntofi 
may be altered. The eccentric rod F operates the wrist 
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plate L, and there may be two wriat platf s and two eccen- 
trics if desired. The following theoretical treatment of the 
lubject is summarised from articles by Mr. Jamea Diinlop, 
published in The Fractiml Enfjineer of June 24th, 1802, 

The motion of the valve ia supposed harmonic— i.^., the 
same as would be produced by a crank and very long con- 
necting rod, and in tig. 131 A B is equal to the travel of the 
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[ftnd, to a smaller BSftle, the line of stroke ; the direction 
fttion is aoti -clock wise, and MO + O L is the overlap 
■ valve when it haa been drawn over the port hy the 
I This is equivalent to what is generally termed tha 
Le lap plus half the valve travel, so that chorda of the 
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E drawn through O represent for each crank position 
btance of the valve from the commencement of the 
', kas O M. If we draw the line O F through the points 
srsectron of the circle, whose radius is L, and that 
diameter is E, we have the crank at admission, and 
is the width of port, it is full open when the crank is 
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r, SO that J B is the part of the stroke traversed before 
rt is fully opened. If there were no tripping, the cut- 
Etld be at O P ; bEt as tripping must occur before the 
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valve reaches the end of ita stroke, the latpat cut-ofl mnst i e 
whpn the cmnk is at O E or the pi it on at M. 

Now, much of the advantage of automatic expansion over 
throttling liei in the fact that enginea can be '* over-loaded - 
I ^^, work at a leas expansion, and therefore higher power, 
than that which is moet economical, and for which the 
cylinder has been designed, Unnecessarily idle plant \s 
thereby saved, with consequent reduction of capital expe^ae. 
Hence an arrangement in which two eccentrics are used, bo 
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that the angle of advance of the eccentric that drives the 
steam valves need not be fixed to snit the exhaust valveSi is 
preferable. The angle of advance of the exhaust eccentric 
may he made to suit the points of exhaust and compressioD, 
while the steara eccentric should lead the crank by an angle 
equal to A O M or E O B, fig* 132, which angle is fixed by the 
latest cut- off we wish to have. Thus, in the figure, A K la 
eight-tenths of AB, ho that the latest cut-off is at eigbt- 
tenths stroke^ rotation being clockways. On O M describe a 
circle, and draw F, the crank at admission ; thii 
determines AN, which is the overlap of the steam vslve 
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pulled back by the spring ; for it will be clearly seen 
t the parts of the radii intercepted between the circles 
) and M E B are distances the valve has moved from the 
( of the stroke for any crank position. The port opening 
be part of thp diameter of the circle lying between the 
ae KTY and the circle O M. Thus, at the crank 
ition O G the port opening is T H, where H is on TO 
dnced. Of coarse this cannot be greater than the breadth 
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the port. The valve reaches its extreme travel when the 
ak is at E, and tripping caDnot be later than this. In 
Igning the valvR gear we may assume the angles of 
ttiasion and cnt-oH', ctraw a circle with any radius O A, and 
nee find what A N and the width of port would be with 
f half travel O A, assuming, of course, some crank 
fition for full port opening. Then, for the desired port 
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opening, we can find the travel by aimpla proportion, and 
aiso the actn&l length of A N, 

Hackworth and Brtnini£$ Valve Gears.^ln fig* 133 are 
shown the above valve gears, In Hackworth^a the valve 
rod, which at its upper end is connected to the valve spindle, 
is H E, and in Bremme's it la D It In the fonner caae the 
centre line of the eucentri€ A B la opposite the crank, while 
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in the latter it ia on the aame aide. The point F can have 
any position on the arc F G struck with oentre C, bnt for a 
given ratio of expansion ia a fixed point The further F is 
from C K, the later ia the cut-ofiT, and the engine ia reversed 
by shifting F C to GO. This rod is called the radius rod, 
and if to the left of C K the point C a wings in the arc L M, 
and E and D trace out oval curves, the vertical displacement 
of whose pointa above and below the line A C, which is at 
right angles to the line of stroke, give the nJ^ward and 
downward displace menta of the vadve from its middle ^ 
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position ; so that if P Q be drawn parallel to A C, and at a 
hdght above it equal to the outride lap at the lower end of 
tlie valve, thea the height of D abo^e P Q gives the port 
opening at the Inwer port It can readily oe seen that for 
any position of F C we can find the points of cut-otf, exhauat^ 
compreafiion, and admission. The proportions given by the 
inventor for Bremme'e valve gear are as foUowj if the length 
ABis ? .- 

The eccentric rod B C is }\ 

The radioa rod F C is 6 r. 

The lead arm D C is 4 5 r. 

The deviation angle F C K should not exceed 25 deg. 

The outside lap is '\yr^ and the inside ia negative, and 
tK)71 r. In the position of F C show n, the crank will rotate 
in the direction of the clock if the valve is moved by E, and 
in the opposite direction if moved by D. 

The curvature of the path of C, and the obliquities of 
BC, HE, and RD, Jiave considerable inflaence on the 
motion of the valve. 

We shall iirst consider the casR in which the path of C is a 
straight line perpendicular to F C, whose inclination to the 
vertical we will cali a, fig. 134, and that B G is ao long that 
the horizontal displacement of E is the same as the hori- 
zontal displacement of B. 

Let ^ be the angle that Ab makes with AB, and let 
A B ~ r. Lst X be the horizontal displacement of ^ and of e- 
Then 

X = r ain ^. 

Let ff be the vertical displacement of f , and, therefore, the 
[iatance of the valve from its mid-stroke. 

fj ^ 7nx + -(r COB & ~ mx)y 
where m is tangent of the angle c A, and 

KV 
y -^ rq ain {& + a), 
n- 1 
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where 




ff cos ^ = m 



g ain a = 






I 

I 



where 



where 



and the valve is moved exactly as it would be if it were 
driven by an eecentric of throw r, y* whose angle of ad ranee 
ig Q. When & ia zero or tt, 

1/ = ± r ? ain ct , =- ± - 

71' 

BO that the lead is constant ; and aa 

r 
rq— coaec a, 
n 

the action of the gear in alterbg the grade of expansion is 
fiimilar to that given by the movement of the eqaivaleat 
eccentric at right angles to the crank. 
In the case of Bremmts^a valve gear, we have 

j' = r sin ^ 
y = m r sin - p (r eoa ^ , - m a) 

' B C 

if = rq sin (^ + a) 

q COB a = m(l + p). 

q sin 0. =^ - p. 

.\ q = Jp- 4- wMl + mH 

SO that this gear, also, ia similar to the preceding case. 

The subject of radial valve gears, however, ia extremely 
complex when the effects due to the obliquity of the rods 
and the curvature of C s path are taken into account. These 
are thorooghly discussed in a paper by Mr -Joseph Harriaout 
publiahtid in the Proceeding a o! the Institution of Civil 
Engineers. 

Kadial Yalve Gears. 

In the design of valve gearing it ia desirable, as far as 
possible, to spcure condiriona givinK similar distribution of 
ateam on both sides of the piston. O wing to the shortness 
of the connecting rod, the motion of the piston is not 
symmetrical in the advance and the return strokes ; in the 
former— namely, that in which the movement is towards the 
crank shaft— the piston is more or leas in advance of its 
harmonic position ; that is, the one corresponding to an 
indefinitely long connecting rod, while in the latter the 
piston ia behind such position. 
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If the valv-e i8 driven by an ordinary eccentric and rod, 
the obliquity of the latter ii uaoally so small as scarcely to 
aflfect the harmonic motion of the valve. In an engine 
working under these conditions the result is, that if the 
valve is set with equal leads or port openings on the two 
aidee, the point of cut-off is different in the two strokes, 
being later, and therefore causing a greater average pressure 
in the advance stroke. In the inverted vertical engine, the 
inequality in the acting forces arigiug from this cause ii 
augmented on account of the weight of the reciprocating 
partSj and of the loss of area due to the piston rod, so that 
in marine engines it is common to give more lead at the 
lower than at the upper edge of the valve ; but this nnsym- 
metrical setting can be employed to an extent which ig only 
partially effective in equalising the cut-oH*, for it introduces 
an inequality in the maximum port opening, as well as in 
the point at which steam is admitted to the two sides of 
tho piston. 

When a link motion or radial gear is used, irregularities 
in the motion of the valve are introduced, which may either 
increase or diminiah the evil eftt^cta due to the shortness of 
th»i connecting rod, and, under favourable conditions, mfly 
atlord an opportunity of obtaining partial or complete 
compensation. 

In this paper, the nature of the required compensation ia 
first examined, and then an analysis given of the motion 
of the valve in several typical forms of radial gears. The 
investigation shows how' far the respective gears are capable 
of giving symmetrical steam distribution, and rules for their 
d^^sign are deduced. A method of determining the velocity 
of the valve at any point is also shown. 

The valve diagram of Reuleaux, as modified by Grashof 
and by Coste and Maniquet,*" is the one best suited to the 
purpose, and will now be briefly explained. 

Fig. 135 is a disjrram of the mechanism of a horizontal 
enginB where G K, K L represent respectively the crank and 
connecting rod, and G P, P Q the eccentric radius and 
eccentric rod. 

Since the motions of the piston and valve are similar to 
those of L and Qi it is seen that the displacements for mid- 
poaition, for any crank angle e^ are equal to the distances, 
measured parallel to A G, of K and P respectively from the 
circular arcs 6 6/ dd\ Btmck with radii equal to L K, Q P 
respectively* 

* Tmlte UipuHque at |iratiquu d«i MAcbintifl h. Vapuur au |>alat de vno de la 
dlitributlon. 1BS&. 
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In Retileaiix^s valve diagrato^ tig. 13<i, a circle of reference ia 
taken, rep resenting the path of both crank pin and eocentric 
centre, each to its proper scale. C A is the position of the 
crank at the beginning of the advance stroke, the directioi 
of rotation being from A towards K. C D is a line set back 
from C A an amount equal to ti, the angular advance of the 
ecoentria The radii It and K' for the arcs bb\dd' n^ 
respectively R •= i*- * C A and R' = i- ' C A, m and p being the 
ratios 



eonnenfinc rod 



and 



eccentric rod 

eccentric radius ' 



Suppose, now, the crank to have turned throng b an angle ^ 
and to be in the ponition C K ; then, comparing liga. 135 ami 
13t}, it is seen that K m is the displacement of the pigton from 




Fio. ISQ. 

its mid- position, and K n that of the valve ; if the connecting 
and eccentric rod a were of infinite length, ihe corresponding 
displacements would be K M and K Nj the deviations from 
harmonic motion for the position K are therefore eqnal 
respectively to M m and N n. It will be convenient to refer 
to the harmonic displacement as primary, and to the deviation 
as BeiMndary. 

Expressed aualytically, putting k for the length of the 
crank, and p for the eccentric radms — 



primary displacenoent — K M = J: cas 
secondary displacement = - M m =- - 



"^ R - M m 



(1) 



CW 



k 



^ ^^^1^ - - 2> -- ' 



(2) 
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the approximation being equivalent to fluhstitnting for the 
circular arc h h' a parabola having the same radina of curva- 
tnre at 0. The actual displacement of the piston is then 

Tor the valve the oorreaponding expressions are — 

primary displacement = a = K N = ^ Bin (& + g) , (B) 

eecondary displacement ^ a ^ Nn = -f-coa^ (^+a) - (4) 

the actual displacement b€iDg the snm o! the two. 

In order to illiMtrate the relative magnitudes of the 
quantities dealt with, it may be stated that for a connecting 
rod four cranks long, E6 = 01270 k—iE.^ the greatest value 
of the deviation of the piston is 127 per cent of the crank 
length ; and the maximum error introduced into the calcu- 
lation of this deviation by the eubstitntion of a parabola for 
the circular arc h b' is about U per cent of B 6, or only \ per 
cent of the length of the crank. 

Fig. 137 shows Reuleaux'^ diagram, set out ro as to give the 
|)ort opening K % for any crank- pin position K ; s ^', ^ s' are 
circular arcs drawn with radius R' =^ j^ " C A, the same aa 
that for d d\ and distant from the latter by the ameunta C F, 
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O G, equal respectively to tho advance and the return laps. 
It will be convenient to call D !>' and d d* the displacement 
line and displacement curve, and s s the ateam curve- 

The eflect of altering the length of the valve rod is 
equivalent to increasing the lap on one edge of the valve, 
and diniiniahing by an equal amount the lap on the other 
edge, and could be exhibited on the diagram by suitably 
Ahif ting the arcs s s', s s'. The effect of any play in the joints 
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coald also ba ehowa by an alternate Uterihl ahifting of IJ' 
whflQ reversal of motion takes pUoe, 

The next thing considered i^ the pFoblem of finding th? 
motion of the valve required for symmetrical steam dLatri' 
bntioa with eqnal miximnm port openinga, and one solution 
occara if the relative simnltaneon^ displacements of pistan 
and valve are at all points the same as if both had bArmonk 
motion. 

Let a be the anfrular advance for the primary motion of 
the valve, and D D\ fis?. 138, the corresponding diaplacemenf 
line* If the motion of piston and valve were both haroaonic, 
then for any crank-pin position K' the displacements wodd 
be respectively K' M' and K' N' ; but owing to the ahortneas 
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of the connecting rod, the crank Din is at K when the Bistou 
disnlacement is K' M', where K is taken a nnh that K m - 
K/ M' I if| now, K w be made equal to K' N', ]S^ n will be the 
secondary displacement of the valve, and the locns of n 
the secondary diapUoement curve required, Exprassed 
analytically— 

N ?i - K^ F - K K'cos K K' F - ^^ cos {a + &) nearly 

am i^ 



Mm 



COS fg + g) _ QM^ COP (a + 0) 



nearly 



ainS ^K 

_ CK^sin^goo8(a + g) 
" ' 2^ ■CA'Hin^ 

^ /-ainflcoa(ct + (?) . (§) 

where, as before, & is the crank angle, p the radiui of the 

eccentric, and ^ the ratio ?^5!^^^^!!l^iH^ . 

craafe 



or 
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Thia curve is set out to scale in fig. 139, for the caBe in 
phich ^ = 4 and a = 30 deg,, ag is also the correspondiijg 
velocity corve^ to be explained subsequently. 

It will be of advantage to consider separately the com- 
ponent eccentrics a and b^ obtained by resolving p in the 
direction of the crank produced backwards, and perpen- 
dicular thereto, the respective values being a ^ ^ sin a and 
b " p cos a. The displacement a due to p is then equal to 
the algebraical sum of the displacements X and Y, corres- 
ponding to a and 6, as is seen from the equation— 

A ^ P sin (a + B) = ecos ^ + 6 sin ^' . * . . , (6) 

The compensating secondary displacements x and tf for fi 
and f^ can bo fonnd by the method previously given, or 
obtained from equation (5) by putting a ^ 00 dog., p = a for 
the former, and a =^ 0, f? = 6 for the latter ; thus — 



ft . n 

i&=- -^ sm^ 

3^ = iL sin 2 ^ 



(7) 
(8) 



and it is easily seen that ^ ^ x + i/. 

These curves are drawn to scale in lig. 140, for the data 
fi = 4, a ^ 30 deg. In the figure the same reference circle is 
taken for both a and by requiricg difierent scales for X and 
Y, but the secondary displacements x and // are set out both 
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to the same scale, vik., that on wMoh the radius of the 

reference circle represents ^>, this being convenient for 
summation and for comparison with fig, 133. The curve for 
a- is a paraljola, concave towards A ; that for i/ a looped 
figure, closely related to the parabola, as will presently 
appear. 
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The velocity of the valve, which it ia impartaot to tale 
notice of^ can be readily indicated on the diagram. 

Suppose the motion of the valve know^n and the diaplaoe- 
meat curve drawn. Take two adjacent poiitions K, K', fig. 
141, and draw K L parallel to n n \ then K' L, the ditference 
between K' n' and K », is equal to the mavement of the 
valve whilst K moves to K', or— 

veloci ^ V of val vfl K' L ^ K ^ 
velocityot^" ^ KK' ^ C"K ' 

where K i is drawn perpendicular to K' L^ and C ^ to K L, or 
in the limit to the curve at n. Fatting ^ for the angakf 
velocity of the crank shaft, the above equation may be 
written— 

velocity of valve = I^j^^K , k^ « *. . Ki, 

The line E E' drawn perpendicular to D D' may be called 
the velocity line, and the locus of t the velocity curve. K T^ 
which is at right angles to E E', repreeenta the velocity of 
the valve for harmonic motion, T t being the alteration due 
to the secondary displacement Expressly analytically— 

primary velocity ^\ = ^ ^ KT == t^ .p, coa (a + 9)\ t^. 
secondary velocity = t' — u /r f > ,/^^ 

In particular it is seen that, with harmonic motlan, the 
velocity of the valve at cut- off is equal to the angular 
velocity of the er^nk shaft multiplied by half the length of 
the steam linn S S', fig. 150. 

The method jost explained is now applied to ascertain 
how the velocity of the vAlve is influenced by the secondary 
displacempntapri^vioT'^^lyconaideredT which give symmetrical 
steam distribution. The velocity curve ih ahown in fig. 13^^ 
being determined graphically from the displacement curvtj 
in the way explained. Its equation is obtained as followg: 

From equation (5) N *i = ~-atn & coa (<? + a), also C K = 
p COS {Q + a) ; therefore (fl.n, 141) ^ = tan T e ^ = tangaat 

Kj 1 



r>f the angle which the curve at n makes with C N = 



I 



ji(Nn) COS (2 g + a) . 






FlQ. 14S. 



Fia 143, 



will be seen that the looped curve and the parabola ag*ia 
present themselves* 

From an i nap action of ti j. 13f) the iaflaence of the secondary 
diapiacetnent in modify ing the velocity of the valve can be 
traced. It is observed that tbe effect is oppoaite in the two 
itrokes, a qaicker cut-off, or adtniasion, in the advance 
stroke, imply log a correspondingly slower one in the return, 
60 that) on the whole cycle, no advantage is obtained in this 
rt!8pect» 
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All the expressiocs hitherto obtained for a and v will be 
found included in the general formula A . sin {2 tf + li ) + B, 
suitable values being given to A, B, and ^-^ Figs. 143 md 
144 have been drawn to illustrate the Reometrjoal propertija 
of the curvea In tig. 143 the case "where ^ oc sin 2^ '^, asm 
equation {7)i tb set out on the ba^e lines A A, BB'^ and 
on two others inclined at 45 deg. to them ; and in tig. 144 tbe 
same thing has been done when 5 ^ sin 2 <?, as in equation 
(8). These tigures show the close relations and reciprocal 
properties of the looped and parabolic curves, and al«o 
suggest, as will afterwards appear, that the disturbance, 




Fio. Hi. 




caused by the obliquity of an oscillating rod, may ^■ 
balanced by that due to a rod at right angles to it or 
inclined in fiome other direction. 

Fig. 14D further illustrates the Eubject CP ia a rodi 
centred at C and rotating uniformly, or oscillating aboB^ 
C M in *uch a manner that PM Tariea harmonically. S is *- 
block, slidiug in the groove, with harmonic motion relati^^ 
to C P, of the same period as that of C P, and impartiPS 
motion ih rough B T to a valve, or other reciprocal in g piec^' 
Assuming ST to be of considtrable length, so that the tfli?'?^ 
of itH obliqutty may be neglected, it is easily seen fh*^ 
under these conditionB a deviation 5 = Asin (2 c^ ^- i^) + 1^ 
is ghen to the reciprocatipg piece. In narticuJar it is to ^^^ 
noted tbat when the phases of S and UP egree, iof sin^ '^ ^ 
and that when they ditter by THj deg.» 5ol mn2ts, ^^ 
example of the latter is seen in Morton's valve gear. 

If ST drive a valve, the elements of the motion of S, i^ 
the groove for complete compensation, can be obtained fro*** 
equation (5) by suitable transpoBition. 

The next problem examined is that of the motion of ^^ 
intermediate point in a connecting rod, or other similarly 
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(ving piece, which motion is often utilised in actuating 
) slide valve. In fig. 146 S is the point taken, the path of 
lich is drawn, and is seen to be approximately an ellipia 
nsidering separately the vertical and the horizontal 
placements of S from mean position, for the former 

SM,-PNx|g, 

ich, being proportional to P N, U harmonic ; and for the 

ber 



SM,-PM 



GH, 



lich is approximately harmonic, the deviation G H being 
atively small when the obliquity of F Q is not excessive, 
king ABA' as the reference circle for the component 




Fio. 146. 

Bplacements of S, then P N, measured on a suitable scale, 
ill represent S Ng, and P w is 
CQs of m is an elliptic arc, since 



represent 3 N2, and P m is made equal to S Mg. The 
of mis 



Mm = GH-^ KL; 

It it may be drawn with sufficient accuracy as a circular 
"c having a radius equal to 



PQx 



PQ. 



) expressed analytically, by the parabolic approximation, 

^'»=-r|'|f-"''^'' ...... (13) 

"the three curves have the same radius of curvature «A» C 




y a radius rod| and move m a 

tiat circnlar arc a^, a\, radim r, instead of in a straight 

line, the vertic^i dtsplacemeiit of S will be atiected by the 

ftmoant 

PS 

yp, Q «, very nearly, 

and thia is approximately represented on the diigmm by 
the arc aa\ similarly placed, but stmck with a radios 

"" Pa* 

the scale for M n then (>eing the same as that for M ni. The 
horizontal displacf ment of S will also be altered ; bntj 
except when the obliquity of PQ is grfat» the altfration 
may be considered as a small quantity of an order h'gkr 
tfcan Eecondarj-j and therefore is not taJien into accoucL 

CotniDg now to the more immediate object of this inveati- 
gation, it is known that in a valve driven by radial ge«r 
the deviation from harmonic motion is not great Ai^ 
accurate analyais is impracticable, if not impossible, on 
account of the complexity of the equationa thereby intro- 
duced ; ftud the followjDg approximate method ia adopted, 
based on the principle of the Hnperposition of small qa anti- 
ties : First, the elements of the primary displacement are 
found on the asau rapt ion that the vibrating rods are very 
long ; next, the secondary displacements are estimated, etch 
one ieparately, as if it alone existed for the time, and these 
are added aJgebraicaUy. With the proportions of the parts 
ueualJy met with, the re salts so ootained are sofliciently 
accurate for practical ptirposep, without going to a third 
approximation, and will be found of sabstantial aesistaiice 
in the deeign of valve gears. 

Hack worth-Marshall Gear, 

The type of radial gear which naturally comes first under 
consideration ia the Hack worthy ae modiiied b^ Marshal f^ 
and shown diagram matically in its two forms in ligs. 147 
and 148. C P is an eccentric aet in line with the crank ; Q 
ia constrained to move along the arc F G, either by a radio a 
rod or slide ; alteration of the cut-cti' and reversal of the 
engine are ^fleeted by turning FG about O, O being the 
position of Q when the engine is on either dead centre. It 
is necessary to distinguish between forward and backward 
rotation, and for the present pnrpose it ia anificieJit to 
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efine the former, shown by the arrows, as that in which, 
aring the advance stroke, the crank pin is on the same 
ide as the valve. 




Fio. 147.— Hackwonh-Marshall Gear. Form 1. 

The following symbols, some of which have been previously 
ised, are placed here for convenience : — 
k = radius of crank. 
M- » ratio connecting rod to crank. 
c s radios of eccentric. 
^ = angle of crank from initial position C A. 
= angle of connecting rod. 
<^ = angular velocity of crank shaft. 
8 = length of P Q. 
p = length of P IS. 
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7 = leogth of Q S. 

/ » leogth of rmdiug rod S H. 

r =» raciins of F G. 

/3 = inolinatioD, at O, cf slide F G to G 0. 

p = radios of virtaal eccentric for the primary 

displacement of tb^ valve. 
a a ao^le of advance of virtual eccentric p. 
a = p sin a s= component of p naUallel to crank. 
h = p cos a = component of p perpendicular to 

crank. 




Fk.. 14.^.— iluckworth-Marshall Gear. Form II. 

Primary Displacement — Referring to fig. 147, it is seen 
that 

ST = J,Q.PM + J?.QL (14) 
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^ow, P M — c COB ^, and also, when the rods are all very 
long relative toCP, QL = OLtani3 = PNtani3 = c8in^ 
'tan /3, so that, for the primary displacement, substituting 
in (14) 

A =2.c.oos^+i^.c.tani3 8in^ . . . . (16) 

8 8 

comparing with which equation (6), the elements of the 
virtual eccentric are found, viz. : 

a^^.c (16) 

8 

6 = ?ctan (17) 

8 

p Ja^ +b'* = ^ J q^ + p' tan'-* jS • • (18) 

also tan a = ^ = 3! cot ft 

p 

or tan a . tan = ^ (19) 

P 

From these equations it follows that a, which equals 
lap + lead, is constant, so that the lead is also constant, 
and, further, that h is proportional to tan ^ ; the locus of 



f\UAd 
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Fig. 150. 



the virtual eccentric centre is therefore a straight line, 
perpendicular to the crank, as shown in fig. 149; this 
property is common to a great many radial and other gears, 
and Reuleaux's diagram for the case is conveniently set out 
thus :— - 



Take any reference circle, tig, 150, and» with C and A ai 
centres, draw circles with radii reapectively proportional to 
the lap and lead, and tind H^ the intersection of common 
tangenta to these circlea ; the a team line S B\ for any setting 
of the gear corresponding to CP, fig, 149^ is then drawn 
through H, in direction such that the angle A HS is equal to 
B C P, fig. 149, the angular advance of the virtual eccentric. 




Fir., 151. 

The velocity of the valve at 
§_& 
2 

SCS' 



Fig. 162. 

admisiion or cut-otif as 
-iu )cOF,tanSCF-t.x 



previously shown, equala t^ . 

lap X tan ^^^ , and so, for any Betting of the gear^ ia 



proportional to the tangent of half the angle subtended by 
the steam line at the centre of the reference circla The 
same reference circle being used for all settings, the scale 
must vary, and is readily found for any position, since CF, 
the perpendicular on the steam line, represents the lap. 
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Sa-ondary Dispiac€7^t£nts,— {1) Coasideiing first the link 
8 H, fig. 147i and asanmiDg all the other rods to be very loug^ 
the secondary displacement due to the oscillations of this 
Imk is 






(20) 



(2) In estimating next the eflfect of the radina rod, r or 
curvature of F G, as compared with a straight slide, the 
usual aasumption is made as to length of the remaining rods ; 

then, fig. 151, Q D = Q E sec ^ = ^^ sec ^ = <^ ^^^^^^' 
WdQ ^ nearly = "^-L^^H aec^ /?, and 



2r 



(21) 



(3) and (4) The last diaturbance to be examined is that 
due to the obliquity of the rod F Q, ^ and r being supposed 
indefinitely long. 

In fig. 152, Q Q<? is a circular arc, centre P, radius PQ or ^, 
so that Qo is the position of Q when /3 = 0. Take O E = P N, 
and draur EV and the other lines as shown. Also with 
centre 0, radius s, draw the arc A D A'. Then the deviation 

from harmonic motion due to the obliquity of P Q = - 

s 

(LQ - E V) - a^ + &^, Bsy, where ^ = - l^ V W, 64 =^ " 

t 

Now, V W - W U tan 13 = Q. E tan ^ = N w tan ^ = "l^ 

(1 - COS" ^) tan ^ = I' tan /3 gin- d; and UZ - Q Z tan 

P = Q.W0 . -r— -- tbn fi = tan p nearly — ' 

tan- S = -^ tan" /5 gin 2 ^ ; inserting these values in the 

2 B 



expreEsions for ^^ and 3^^ 







S^ = - ?Jli*».V' " Bin 2 « = - „*'- sin 2 
2s- 2p 



Ileviewmg theae results, it ia seen that ^i ii independent 
of Ii, and ^2 nearly so, unless ^'i be es:ception%ilf lArge^ io 
that a relation between I and r qmx be found, for which 5^ 
and ^.. nearly neutraliie each other for all settings of the 
gear. The analysis, bow^ever, ahowe that the proporticmi 
tpay be arranged an that B^ and ^2 bave a resultant eqml to 
iCj equation (7), where ■> ia one component of the compeaaa- 
tion reqtiired on aeoount of the obliquity of the Donnecting 
rod. 

This result ia secured when 5^ + average i-alue of 5^ = x^ 

'f _,_ '/ 1 ^ r* 1 + aec^ ^ ..... (34) 
i ^ ' tA r ' 2 

an equation applic*Hle without change to both torra^ of the 
gear^ and from which the relation between I and r uio be 
cafcul^ted. 

It should l>e observed that the equations refer to forward 
rotation of the first form of the gear, fig, 147, and that 
corresponding values of the second form, fig* liS* can be 
deduced by changiog the signs of f\ */, and /^. It is also to 
be remembered that for backward rotation 0^ ^ said h are 
negative. 

The deviation o<,, due to the unajni metrical oscillation of 
Q on each aide of Oj can be balanced for any one value of fiy 
but not for a rauge of values, and to effect the former the 
relation between f and r ia to he found from the equation 

^1 + ^2 + ^5 - ^y 

0r T + '^ ' - = " sec^ ^ + -^ tan ^ . . , (25) 

the sign of the last term being changed when referring to 
Form IL of the gear. This modification has the etiect of 
increasing the error ^3 if the engine be reversed, and so k 
only applicable to the case where reversal is but occasional 
If the engine is required to run equally in the two direc- 
tions, it will be necesaary to revert to equation (24), and 
leave S^ unbalanced. 

Lastly, <^4, proportional to sin 2^, is advantageous when 
it tenda to the value /y^ equation (8) ; and ^4, — y when 

-' =^ - 2 ^ tan iS . (26) 

c 

for both forms of the gear. Interpreting this equation, it is 
seen that 5^ tends to neutralise the inequality due to the 
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connecting rod when the engine is running backwards ; the 
reverse is the case when going forwards. 

It appears from the analysis that the Hackworth-Marshall 
gear is capable of effecting a very equable steam distribution 
when designed for a special cut-off in backward rotation^ 
but that it is deficient in this respect when used for forward 
rotation or for reversal. 

Joy Valve Gear. 

In this gear the eccentric is dispensed with, and the locus 
of the point Pg, fig. 153, takes the place of the circle 



KJ^ ,W M^,..—- " 


f^» 


--4 


? 


it 


"~^:. ■ / 


^ 


:7---.. .„■■ 



F.o. 153. 

described by the eccentric centra The path of F2 is shown, 
and if the obliquities of the rods are very small, tne curve is 
an ellipse, with semi-axes respectively equal to 

the notation being sufficiently indicated on the figure. 

Primary Displacement.— It the above values are substi- 
tuted for c in equations (16) and (17), the components of the 
primary displacement are at once deduced, viz. : 

«« AgA^a QgS^ ^i^2;t (27) 

b = ^^ . /2 S _ tan ^ = 3J'2 k tan fi . . (28) 

^ A 2 ^2 ^ ^2 
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from which 



^ 






and the locua of the virtual eccentric centre is a atraigbt 
liD€, tut in the Hack worth- Marshall gear. 

Svcondar^U Displficements.'^ThesQ are estimated separatelji 
as before, 

(1) For the rod ^H 



\ 2 / ' 2i 



I 2»^l 



9 A ain^e 



(30) 




(2) For the curvature of the slide F Q 

' ^ 2 / #g2r 2«^«g r 

(3) and , 

be found b;^ 

or the reau' 

1 2 7 * 

fsi ^s» - tan ^iore'^fP, t, tan ^, in equation (22^ and 

( Ag A'g \ / Bg B'q \ 
2 /V 2 r 
Pm 'ai f<W ^'^f /'i ' i^ equation 23, whence— 

a^= ^*nir^^''J^''J^20 . . (33) 
2«Si 1-3 

(5) K6ect of obliquity of connecting rod. The point P^ 
has a horizontal deviation from harmonic motion [comp»re 
equation (13)] equal to 

2 B-^ ' 

and this, in transmission through the rods F^ Q,, P2 Qa to 

tS IB reduced in the ratio 



no that 



3. = - P?» Va*! Bins e 



(34) 
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(6) Obliquity of rod Fi Q|. Comparing the diapkcement 
of p2 from A** A^' with tliat of Pi from Q C, the latter being 
harmonLc, tlie deviation is foaud equal to 

- ^ uins s 

[dee equation (13)], and in traoHmiaeioo to B this affacta the 
vftlve by the amount 

a„= - r^vV^^J^^^^B (35) 

(7) Radina rod Qj J. The effect of this on the vake ii 
UQually very smaU, ita value being 



5, « "iilbJi^ Bin 



(36) 



The aecondary disturbances have now all been considered ; 
comparing them one with another, and with equiitiotis (7) 
and (8), as in the Hack worth gear, the folio wing equationa 
are deduced from which to determine the relative propor- 
tions for best steam distribution :— 



^i + average value of 5^ + 5j + S^ = j^^ or 



^3 + ^fl = 0, or 



^/s 



2r. 



(37) 



(38) 



(30) 



and tf ,| = 1^, or 

2jff/i tan /^ + ifj .^2 = 

From equation (37), having previously determined on the 
other proportions, the radius of the slide is foand which 
gives the beat average value of the compensation x^ for the 
whole range between full forward and (nil backward gear. 

Equation (38) expresses the condition that (»[.: shall oacillate 
equally on one aide of 0, which in the Hackworth-MarabaU 
gear is impossible of attainment, and would be tm possible 
here if the rod Pi Q ^ wore dispensed with^ and the end of 
P2 Qs attached directly to the connecting rod. The function 
of the link P^ Q ^ ia, therefore, to permit of this ad j ustmeat, 
as well aa to dimiaiah the extent of the awing of P^ Q^. 

From equation (30) it is inferred that the compensAUon y 
cannot be obtained except for one particular negative value 
of /^, and the gear agrees with the Hack worth in thia respect, 
working better when running backwards. 




centred at R, which, together with the attachment at Pi, 
causes Q^ to oBcillate m a circular arc ; the point 8 vibratee 
on each side of this arc owing to the connection between P^ 




Fin. Ihd. 



and TjQT forming one rigid piece with the crosshead;' 
alteration of the cat-oil" or reversal are eflected by ehiftiDg 
the position of the block L in the sector H, the latter being 
fixed to the end of the valve rod 
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In i]«. 154, pnt Pj S -= Pu P^ S = p2^ ^i Qs = *u f*2 Q2 ^ 
«2i Pi P^ ^ '/it Q? S = $21 1^ Pi — ejh ~ lengi^h of tbf^ tangent 
to the sector at L on the valve roA—ie.^ A = H L nearly, 
P Po = /', PQ = s, *SiC| the rest of the notation being 
sufficiently clear from the figure. 

Primary Displacement. — If C P and Q T be aaHnmed 
relatively very short, the angular ogcillationa of the rods 
Tvill then all be very small, and the conditions suitable for 
determining the elements of the primary displacement ; in 
this caae P^^ and P^ both coincide very nearly with Poi and 
the point S moves approximately in an elliptic pathj shown 
enlarged in fig. 156, of which the aemt-axes are 

The motion of the valve is derived from that of S throijjgh 
the eonneeting link S L. In the fignre draw through L a lirte 
parallel to the valve rod, and take C = S L = (■ ; then C 0, 

inclined at an angle tan^ = ^ say to C H, is the mean 
direction of the rod S L. 




Fio. i&g. 

Draw SN perpendicular to OC ; then, if the obliquity of 
B L to C O were very small^ the diaplaoement of the valve 
from mid- position would be 

CN = SM + OMtan/^ = CAcoa^ -^ C B sin ^ tan /3 (40) 
the primary motion of the valve is therefore harmonics, the 
component virtnal eccentrics being 



a - CA 







/^ = C B tan /3 = ^ ^: tan {3 = 'I , 
s si 

1231 



k 



A, 



an 



1 



T4LTS Gmift. 



in 



le^or ^ L «i ite vmlve iM — &<«:, a « H L aovlf; 
^tQ = «. i*. Ae im rf tfce ii to iiiii h ' 

WW JH^dacememL — U OP a ^ Q T b e MK 
mJiS^fmr Mifip Mil li» iumfir^i wmiMm for 

1 m^ IM, «f wliidk tike I 



CA 






I of the Tmli-e it deri^fd irom tint of 5 throngli 
a^HnkSL Intlie%iiredimwtluiDiig1iL&1iB« 
^ItevmlTe rtMiand take CO = S L - * \ thmCO, 



l«fc nftfifi^ tai 
ttof tliercidSlL 



-5-« ;3 ay to CH, b the 



-P=^ 




^il 



licaiar to OC ; then* if ti*^ oUUqmty of 
^ sinan, tite diipl*o©tuent of tae ™\^ 

m tUerpfOPO harmoiaici the 

. . {^ 
- (42) 



1 

J 




I 



from which — 

tan a tan ^^ = tiSl 

or 



tan a ^ 



q ^ s^ . hi 

and the locus of the virtual eccentric centre is again i 
atraight Hue. 

Seamdary DujiacemenU. — Each of these is tresrteo 
separately^ as before. 

(1) Angular oscitlation of S L. In fig. 156^ with centre L, 
draw arc B n ; then Qn = 01^ and the deviation reqaii^ 



that \%— 



sec p nearly = 






_qyi^j^^ 



21 



aecp, 



m 



2iU 

(2) Elfect due to rod Q^^. R. The deviation of the valve on 
this account is the same as the lateral deviation of S, which ib 

P^ O Q^ 



l^thatofQ...^^. ^^ 



fig, 154 ; therefore — 



sin^ & 



(45) 



2 i* ta r 

(3) and (4) Oscillation of the ** spanner '' E P^. 
Referring to lig. 154, the horizontal difipiacement^ of P^ 
and Pj from mean position are, respectively, 

hcoBe -^Jl. A sin^ e and A f icoi^ - A ain^ff^ ^ 
the difference of the two, 

'^^k cos & - A (rL- £l) gin^ ^, 

representing the horizontal motion of Pi relative to Pg, ij 
approximately harmoniCf sifice the second term in the 
expression i^i always proportionately small. This relative 
horizontal motion disturbs the valve only bo far as it canaefl 
the vertical displacements of Pj and P^ to differ, and this 
eflect may be divided into two parts, viz , (3) that due to 
the swing of the "spanner," or the motion of Pj in a 
circular arc relative to the connecting rod» supposing the 
latter very long, and therefore to remain parallel to itseH ; 
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C4) that due to tho angle of the couTieetmg rod, assuming 
ttie ep lunar very long, and the point P^ cansequently to 
oecilkte along the axis of the rod P^,. 

Deviations higher than secondary being neglected, (3) and 
<4) may be caleulated separately, the result being that the 
former (see iig. 155) 

and the latter = D G tan i> ^ '^^ h coa & sin 4> nearly, 

^2 

= -^ k cos & 

1* being the angle of the connecting rod. 
Multiplying by tan ^ to obtain the etFect on the valve, 



I 



Qi'^ k- tan 3 - ^ 



Zif^-e 



m) 

(47) 



(5) Obliquity of P^ S. The vertical deviation of S due to 
the gwing of this rod 



and 



»« = 



Q, F, -^ I, 2 y, p, "'^ 

_ ;>j X*" tan ^ 



2a-2 



sin" ^ 



(48) 



(G) Effect on the valve of the deviation in the motion of 
the erosahead The lateral diaplacement of S, which = a 
coa (3, ig derived directly from the motion of the crosahead, 
and therefore has the same proportionate deviation as the 
latter, or 



I' 



^fi = - '' „ sin- ^ - - ^sin- 6. , . (49) 

This ia therefore exactly equal to a?, one component of the 
required compenBation, a propertjr common to other gears, 
such as the Waldegg-Walschaert^ in which the motion a ia 
obtained from the crossbead. 

(7) Obliquity of P^ T. As before, the efleofc of this is 
smallj and ia given by 



i. = t-'fA]^ , 




(50) 
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<8) Angular OBcillatiom of revemtig rod FL. The effect 
of thja ia to produce a Email aliding o! the block L in the 
aector H ; if 5 k denote the amount of this for any crank 
pOBiiion 6r, then J cQin paring equationa (ID) and (42), it is aet^n 
that the correaponding deviation of the valve is 



But 

dh ^^ {valve displacement)- x 
whence 



t 

aec^ ^ 1 p Bin (a + g) \ 
1!/ a/ 



2 slj 



sec ii, 



iplaoe-^ 



This oompletea the account of the secondary dbpL 
ments ; collecting and comf^ring the results in the same 
manner as before, rememberiDg that 5,i = j?, the following 
equations are found : — 



Average value of ^^ + 5^ + 3- = 0^ or 



1 -h sec^ jg 
21 



also 



and 



»3 



_ ?>3 



53 + ^5= 0, or 
^4 = i!/t or 



*2 






(52) 



(53) 



(54) 



i 

i 

n 



Equation (52) is to be used for caloulatbg the length of 
the radiufl rod Qa R. From equation (53) thtj length of the 
Hpaniier E 1\ is determined in order that the effect of its 
oscillation njay counteract that of the rod Q.j S, and bo 
cause the vertical movement of S to be the saine above as 
below the neutral position, £g. 155. In acconopiiahing this, 
a disturbance is introduced ow^iog to the angular oscillation 
of the connecting rod i but this in taken ad%^antage of, since 
ic is of the nature required to give the compensation tf, 
equation (8)* for all settings of gear. To find the proportion!! 
for securing the best result, equation (54) is used, which is 
equivalent to the condition that D P^, fig. 155, shall be equal 
to half the greatest distance of To from the centre line C Q. 

In order to limit the extent of the swing of the spanner, 
D Pi may in some cases require to be eomewhat greater 
than is here indicated. 
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An examination of eq nation (51) shows that the unbalanced 
deviation 5 s acta Byni metrically in ths two strokes, and so 
produces no inequality in the action of the two Bides of the 
valve, evf^n if the reversing rod L F be comparatively ahort. 

From the anal y a is, it ia inferred that the Morton j^ear ia 
capable of giving a a excellent ateam diatribution for all 
grad^ of expansion. 

In estimating the degree of accuracy attained in these 
inveatigatioiis, and the relative value of the deviations of 
higher orders neglected in the analysis, it is found that such 
deviationa can be all expressed in the form A ain"* (f cos'* B + 
B, where m and ^ are positive integers whosa sum is not less 
than three^ and A is a small quantity depending on the 
angles of awing of the rods and on the grade of expansion, 
and is of the order ?ii + n - 1, unless one or more of the 
angular oscillations be excessive. When m + » is odd, the 
corresponding dieturbance acts symmetrically in the two 
strokes, and the effect on the velocity of the valve need only 
be considered ; a deviation of this nature, which increases 
the velocity of cut-off without proportionately increasing the 
t ravel > mnat be looked on as an advantage. When m + n is 
even, the action is not symmetrical, I'Ut the effect is minnte 
on account of the gmallneas of the factor A. The conatant B 
is nentraliaed by simply altering the length of the valve rod. 

In conclusion, the method of analysis illiistrated in this 
article ie applicable to link motions and to all gears except 
those in which there is no approach to harmonic displace- 
ment, anch as trip gears, and arrangements actuated by 
cams. 

The WiiLANS ExpAsstoN Valve Gea^ 

The Wiltans engine is single-acting^ and the piston rod ia 
replaced by a hollow trunk pierced with steam passfiges, lig-, 
lo7, in which tnink works a piston valve, which ia driven by 
an eccentric on the crank pin, so that the motion of this valve 
to the passages is the same as if they were iixed and the 
eccentric on the shaft The piston valve forms the distribu- 
tion valve, while the trunk, which passes through a gland 
on each cylinder top, forma the cut-off or expansion valve. 
It will be seen that the whole arranKciiient ia equivalent to 
an ordinary slide valve and a cut-off valve, which ia driven 
by an eccentric having a throw equal to the crank, but 
placed at ISOdeg, to it, thia cut-oir valve working over 
tixed passaKea, and not paasagea in the diatribution valve. 
But in Willana^ arrangement the clearance ia very small 




FiQ. 157. 



Fig. IfiS. 



axpansion valve. The cut-ofi can a!ao be permanently 
altered by altering the height of the gland in throttliug 
engines. 
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CHAPTER XVL 

On the Disturb ancks CAcrsEi> by the Moving Parts of 
Ehqines, ak» the Methods of Balancinq them. 

When an engine is at reat, whatever force may act on the 
pUton, the forces on the eiiigine as a whole are in 
f qnilibrmm ; but when it is in motion some of these 
forces are causing acceleration or retardation of the moving 
partB, BO that they are not in equilibrium, and these forces, 
continually changing in magnitude and direction, produce 
vibrationi which in gome cases it is necessary to reduce as 
much as possible. 

We shall &rst consider (lig. 159) the case b£ an engine 
having two cranks at right angles, the centres of whose 




Fig. im. 



¥ 



cylinders are 2c ft. apart, and whose stroke is 2;? ft Let M 
be the weight of the crank pin and of one of the webs ; let 
t^ be the angular velocity of the crank* The centrifugal 
forces produce a resnltant^ — 



F. = |p"^/2, 



acting through the centre of the shaft midway between the 
cranks, and inclined at 45 deg. to each crank. It also 
produces a couple— 




9 



JT, 



1^1 
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For let F, F be the centrif agal forces, fig* 161 ; these may 
be resolved inta forces at right angles at 45 deg. to F, F, 

namaly, ^S ^'^S and G, CJ 

2 



F^.o 



9 



F F 

The forces G, G form the couple, and -^, -j- tlie resultant 

iorm Fi. 

As the acceleration and retardation of the connecting rod 
is difficult to calcalate, it is usual to divide its weight iiitn 
two parts. The large end and half its length are supposed 
to be collected at the craok pin, and the remainder at the 
croashead. Let, now, M represent the weight of crank pin, 
one of the webs, the large end of the connecting rod and 



c, c^ 
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one half its length, instead of the first two alone. The 
reciprocation of the piston rod, and, according to oar 
sappoaitioi], a part of the weight of the connecting rod, 
suhtra^ts from the effective preeaure of the ateam on each 
piston a force 



F. = ^ cos B + ^-(co6"g-«iTi"g)+sipM 1M, 

^ I (?1- - Bin* ii)fr } ff 



pt^^ 



Where Mi ia the weight of the reciprocating part#, e is the 
angle made by the crank with the line of stroke, and n the 
ratio of the length of connecting rod to crank, so that with 
a very long connecting rod 
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If ^ be the angle made by the following crank with the Kdr 
of stroke A B, iig. 16 2, then the two forces F^^ F^^ produced 
by the reciprocating parts are equivalent to a resultant 



M, 



pta^ (oOB & - sin &), 



and a couple in the direction shown by O in tig. 162, which 
ia equal to 

T = ^-^ c p (j^ (cos tf + sin ^)- 
Fa ia the greatest when e = - Ah deg*, when it equals 

and T is greatest when ^ = 4d deg., when its value is 

In locomotives it ia usual to partially balance by roeans of 
weights placed on the wheels, and we shall first show how 
to find the position and magnitude of these balance weierhts. 
These are so arranged that their centrifugal force neutralise a 
the couple T when ^ = 45, and also ±\ when & — 45 deg., 
but when balancing the coupl« there is an unbalanced 
vertical forcF^ and when balancing the force there ia an 
unbalanced vertical couple. They must therefore produce 
a resultant f orce-- 






and a couple 



U 



T^ = ^^^^cp^2jY. 



In tig, 1C3 let Ci, Ca represent the two crank pins of a 
locomotive having insicie cylinderSi and Bj, B^ the balance 
weights on the wheels nearoHt to each of the above cranks, 
and let 2 f be the angle B^, O B^ ; theu 




= ' T . ^' . COS ^ 

T^ = ^ a , r ^'^ ain ^ 



I 




Kqiaations (A) and (B) give the magnitude and poaition of 
the balance weights wher© there are no coupling rodfl. It ii 
not alwaya the practice to balance the reciprocating parts ; 
in the United Kingdom the fraction balanced ia sometimes 
as sm^Jt an one-third. Thia will not alter ^\ but we must 
multiply Ml in equation (B) by tbis fraction. 

Another and simpler method of findinpf the balance 
weights is the following. It ia clear from the above that 
the balance would be perfect if the weight a of the reci pro- 
Gating parts revolved with their respective crank pina We 
begini thprefore, by s^aumin^ that two weijrhta, ea^^b equal 
to M + Ml, are at E and F, fig, llU. Let G and K be two 
weights on the two wheels, opposite to the crank 
}*, whose centrifugal force would balance M + 
Then 



F at radii 
Ml at F. 



G 



y^rsT^n? 



2a 



(^+M^)y^.^=T 



which gives the magnitude of the dngle weight m at radias 
9\ which is equivalent to IC and L at radius p ; also if ^^ be 
the angle made by the radius from Btom with B K, then 

L 



tan =^ ^^.^ 



K a + c 
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If the cylinders are ontiide the wheelg, let M^ he the 
weight of each cranky M the weight of the part of the 
pin outside the crank plus the hig end or the con- 
necting rod and half its length, while M^ ia the weight 
of the reciprocating parts plus the email end of the 
connecting rod and half ita If^ngth, or, if only a part of 
these are to be balanced, let M^ represent that fraction. 



~t — o- 



J / 



<i( 



4 



rrtu lOi. 



Fig. Uta. 



Fig. 165 shows the two cranka at right angle a. K and G 
halance the further crank and the parts connf^cted with it^ 
H and L the nearer. All are supposRd at Hrst to be at 
radius p; theii^ taking momenta al^ut B. 

2a G - (M^-Ml)(e - a), 

and, taking moments about A, 

2a(K-M^) = (M + Mi)(c + a). 

from which we can find G and K^ which equal L and H 
respectively. 

^; - j-^Tu, 

as before, and 

tan fi^ - 4* 

But, whereas with inaide cylinders a side elevation would 
show the angle betweeu the radii to the centres of gravity 
of the balance weighta to be less than two right angles by 
2^, with ontaide cylinders it ia greater than two right 
angles by this amount. 
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A Dtuneric&l example of tbia last csftge is aa follows : 

M + \I, = 423 ib„ 

M, = 1171b., 
2a — 55 in,, and 2c =^ 74 in. 

Then 









-"* ■^.'i^ X 423-401] lb. 
•i y, oa 


K = 


= 40(i + 117 = «131b. 


G = 


MM + M,){c- a) = 74 -^x423 = 


p 


= s/<«13>- + KTi)-- = 617 Ih 


an it -- 


- <* = 73 _ -119 



731b. 



If there are conpKng rods with outside cylinders, and 2 I 
is the horbontal distance between the length of the rods, 
then, when there are lour wheela coupled, half the weight of 
each rod mast be balanced on each wheel ; if aix wh^^ek, 
then on each of the leading and trailing wheels one-half 
the weight of each rod| and on each driving wheel the whole 
weight of one rod, nrnat l>e balanced. This ib evident 
l>ecause the weigh li of each rod may be equally divided 
between its two end a. The same appliea to inside oylinderst 
but the cranks on the wheels must also be taken into 
account. 

Another method of balancing is by reciprocating weights, 
which haa been applied to locomotives, but has been given 
ap, being found inferior to the aV^ve plan. It is, however, 
naed in marine engines by Mr, Yarrow, and reduces the 
vibration considerably. The revolving parts are tiret 
balanced by counter- weights on the cranks and the recipro 
catincr paHs by meana of two " bob weighte," as shown ia 
fig, 106 . We have here taken the si ni pi est possible case of 
a piston tt^., with a stroke of 2 ft*, the weight of the 
reciprocating parts being 300 lb. Two ec^^ntrics are placed 
on the shaft opposite to the crank, one at 2 ft. and the other 
at 4 ft. from the line of stroke, the stroke of each eccentric 
being 6 in. It ia clear, theu, that the sum of the bob 
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weights must be four timea that of the r(^ciprocatin§; 
weights, Lecau8« the eccentric Btroke ia one-fourth that cS . 
the piston. Again, by the principle of the lever, the weigh ta^l 
must be 400 lb. and 800 lb. 

Fig. 1G6a shows the three cranks and paira of eccentrics o! 
a triple- expansion marine engine. The reciprocating bob 
weights are to be driven by eccentrics on the lines X, Y, 
these being the most ani table positions, and the motions of 
the valves are to be considered when they are in full forward 
gear. Each tmbalanced moving part is now dealt with 

t 




separately , as before descriWd, and the position and amount 
of the weights necessary to balance it ascertained, the stroke 
of the balance weights being taken for purposes of calcula- 
tion as equal to the stroke of the part they balance in each 
caae< For instance, the unbalanced reciprocating parts of 
the intermediate pressure piston, piston rods, iJirc, lettered 
B, fig. IGGa, weigh 163 Ik ; the balance required at X ia found 
to be 81 '8 lb., and that at Y 80 '2 Ik, the stroke of each being 
16 in. Taking another instance, for example, the high- 
pretsnre valve and its go-ahead gear lettered K weighing 
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TRAVEL OF PISTONS 16 ins 

— ~ VALVES dins 



BOBWCTCRT, 




TRAVE-. Of \ B0BWEI«IT-5' 



TKAVtL OF 4 BOBVEKJT J« 




Fig IGCa. 
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264-5 lb., the balance at X u 22825 lb., and at Y 36^25 lb., the 
stroke of each being 5 in. Alter dealing in a eimilar manner 
with all the reciprocating parts, if we were to constrnct 
two uniform discs with each of the weights thus found 
pinned on in ita proper relative poiitioD, and place them 
respectively at X at Y, the engine would be balanced 
vertically. All the weights at X may be replaced by one 
large one, equal to their num, and having the posit ion of 
their centre of gravity* The weights at Y may be dealt 
with in like manner- These are shown by the large black 
spots on the diagrams to the right and left of the middle 
figure. These again might he substituted by larger or 
smaller weights as convenient, the product of weight and 
stroke being kept const ant. In the present case the total 
weitrht of all the balances is 740 25 lb. at X., and X,17815lb. 
at Yj and their strokes are 2 08 in. and 48 in- respectively. 
These would be equivalent to 413 lb, at X with a stroke of 
3|in., and 1341b, at Y with a stroke of 5 in. Jf these 
weights rotate, they will only balance vertically, but if they 
reciprocate they will balance completely, neglecting the 
eflect of the obliquity of connecting rods, 

SCHLTCK'a Ss^STEM OF EalaKCIHO THK EflCirKOCATOTa 

Pakts of Engoeb. 

This method requires four cylinders and four cranks. The 
two that have the heavier moving parts are placed in the 
middle. The reciprocatiug forces produce a resultant force 
and a resultant couple, both of which must be balanced. In 
this method, however, the obliquity of connecting anti 
eccentric rods is not considered. Let the cylinders be 
nnmbered from the left I, III, IV., II. ; let Pa and P41 
the weights of the reciprocating parts of the central 
cylinders, be known. 

First Case.— JjQt the angle between their cranks be 90 deg., 
and suppose that all the cranks have an equal throw, and 
that the distance from centre to centre of cylinders is the 
same ; then we have to find the weights Pi, P^ of the 
cylinders I,, II., and the positions of their crank r, "In order 
to balance the reciprocating parts of cylinder lY, alone, we 
might have weights placed on the centre lines of L and IL 




J P;j on the centre lines of Pi and Pg, and opposite to P^'s 
crank We can, by finding the resultant of these loads both 



J 




p 



Pj cos tt = is P4. 
r2Hin« = JP,. 

fc^dcondly, if ^^ is the aD^le the crank of F^ ma^es with P; 
produced at 00 deg. - ^y the angle it makes with P^ pro- 
duced, then 

^'^^ tllii^ = ^-. 

The arrangement ia shown in fig. ICiS. 

5ec«n<f (7a ^e.— Let the angle between the cranks III. l 
IT, be 7i not a right angle< Consider P^ and let it make* 
angle ^ with P,, produced, tig. 169. TheD, reasoning 
before, Pi may be divided into two parts equal to f Pa^si 
JP^ set on the transverse plane pasaicg through P^'s oenti 
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the former opposite to Ps's crank, and the latter 
site to P4's crank. Hence 

Pl^ =(§P3)^ +(iP4)' +^P3P4C0S7. 
P2^ =(SP4)' +(iP3)^ +^P3P4C0S7. 




Fig. 169. 

gina = J —i sin 7. 

p 
Bin/3= I'-rr sin 7. 

Ird Case, — The weights acting upon the outer cranks 
he angles formed by the said cranks may be known, 

3m 



and from tbia we <3in obtain the angular position of the] 
craoki, ai well as the weigh ts that should act a pan two 
intermediate cranks, and if the angle ^ 19 a right angle, we 
have — 



tan ' 


2fj ' 


tan-^ 


- P. 

2 IT 



tl the angle is not a right angle, the formmlffi will be 

(fig. no) 




and 



ria 170, 

P^^ =2P£=* + Pi5»-4FiPsOOS5 
?:,' - 2 Pi^ + Pa^ - 4Pi Pfi cos S 

sin f = sin 5 _^' 

P 

sin = em 5 , ^ , 



I ^* 



In determining the weights that act upon the yariomP' 
cranks the revolving elements maat also be eonaidered, 
besides the reciprocating elements, but, of course, tbeae 
must be balanced by weights each opposite its own crank, 
and it must be remembered that revolving forces cannot 
balance reciprocating forces perfectly. The effect of the 
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valve gear or other moving elemants may ba taken acoouDt 
o! in two ways (no allowance bBing made for obliqaity). If 
the cent raa of slide valvea lie la the s^me plane ag the piston 
rods, the weights of moving elements of valve gearing ean 
he taken accoant of when angles of cranksp ikx> are 
catcuUted, aod forcesi exerted by valire gearing balancad 
simnltianeoaflly with forces exerted apsn the cranks, If, 
however, th^ slide valves or rods be in a different plane 
from that of the piston rod^, it will oQly be necesaary to so 
arrange that the distances between the valve rods, the 
weights of the moving pirts o! the valve gear, the radii and 
angles of the eccentrics, shall have the same relation to one 
another as the moving elements of cylinders and cranks. 

If, for instance, the distance between the valve rods is 
equal to the distances between the cylinder centres^ and 
if all the eccentric a have an equal throw and an eqnal angle 
of advance, it ia only necessary to determine the weights of 
the moving elements of the valve gear in the same manner 
as that resorted to for the determination of the cylinder 
weighta Shonld soaae of the valves differ, it will in most 
cases still be possible to balance the forces of their moving 
elements by choosing the other or remaining factors 
accordingly. In order, however, to perfectly bilance the 
said forces it is necessary that ths centres of gravity be 
situated in the cBntres of the slide rods, and that the latter 
lie in one and the same plane. 

Balancing when the effect of the connecting rod's obliquity 
is included. 

The formula for the accelerating force may be expressed 
with suMcient accuracy as 



ff ^ c J 



where <; r is the lengjth of tbe connecting rod, the angle 
made by the crank with the line of stroke, and ^ the angular 
velocity. 

Let an engine have n cranks, and letai^ a^2* f^tu * * * an- 1 
be the angles between the second and first, third and first, 
and so on. Let ^i, ^^i '31 '4 ^ ■ ■ ^''-1 be the distances 
between the centre lines of the cylinders, and W,,, Wi 
, , « Wii - 1 be the weights of the reel proca ting parts. 
Then, supposing the rotating parts are balanced, the sum of 
the vertical forces (the engine being vertical) produced at 
any instant must be zero, and their moments about any axiv, 
say an axis perpendicular to the shaft and passing through 




L 



and 



the li&^ of stroke of the first piftton, mojit be zero. Tliia b 
expretsed matbematicall j by toe two eqo&tiooA : 

W„ (co. * + «?"^2?) + W, {c« (s + «,) + «!l^±i)] 

+ &c =» 1 

•nd W» h {coi (0 + .,) + ""'(i^-tS-i)} + &c. - a 

W<,(l + i) + Wi (cm «i + ???l°i) + &c = ; 
and if ^ - 180, 

W„ Q - l) + W, ('-5?li - CQfl «,) + iB. = 0. 

Henee 

Wo + W, ooaa, + Wjcoflag + a:e. = 0; 

Wo + W, 008 2 e, + W J COB 2 aj + tSjB. =- 0. 

Agftin,i£tf-^ 

^ + W, (.io ., + '^^) + &c. = 0. 

Hence Wj dn a^ + Ws mn ajj + *Scc. ^ 0, 

and by expanding 

Wu ( cos fl + ^'^^^-) + Wi(co3 ^c«w ai-sm(?atnai] 

+ ^1 ^cos 2 cos 2 Hi - ain 2 ^ sin 2 ^i W etc. = a ^ 

But w© have already shown that the cof fticiente*of cos ^i™ 
cos 2fl, and sin ^ are zero; hence the coefficient of ain 2^ 
must also be ^ero ; 

/. Wi tin 2o^ + W. flio 2aj; 4- tfei - 0, fl 

Treating the second equation o£ moments in the same way;^ 

Wi l^ cos ^L + ^2 ^2 *^09 ^Z + ^^'0- ^ 0- 

Wi ^1 sin 111 + ^2 h sin a^ + Jkc. = 0. 
Wi /j cos 2ai + Wg^^COS 2^2 + ifec, ^ 0. 
W^/i sin 3ai + Wi-^asin 2^2 + &c. = 0. 
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Hence we ha^e eight equationa) and the nukaowa qtian titles 
are 

Wt Wg W. „ _ ^ . *„ . I2 ^ e.™ 

Wo' W;' w1' ^^- "^' "^' '^^^ *^^^ h^ t"^'' 
Let Hi first consider the case of an engine with three 
cranks. Here 

Wo -f Wi cos tti + Wjj cos a^ = 0, 
I Wi sin a^ + Wg gin g^ = 0- 

^^^_ Wo + WiCosSa^ + WgCoaga, ==. a 

^^^H Wism2a^ + Wjfsin2a2 = 0. 

^^^^H W^ li cos a^t + Wo I2 COB ^2 ^ ^' 

^^^f Wi ^i sin »! + Wq ^2 ^^ °£ ^ <^* 

^^^^ Wi 1 1 C08 2ci^ + Wo ^2 COS 2^2 = 0, 

^F Wi ^i sin 2^1 + W^^zsinSci^ = 0, 

I It folio WB from the second and sixth of these that ^^ =^ l^ 
a manifest impossibility. Hence eugines with three cranu 
cannot be self -balancing, bat require the addition of other 
cranks or eccentrica^ as in Yarrow^s method of balancing. 

If we have four cranksj 
I Wi sin a J + W2 sin ^2 + ^a sin a^ = 0, 

j Wi /i sin (^x + W2 iz ^^^ "2 + W3 /a sin «a = 0; 

hence ^^ih " ^2) sin ag = W ^ (l^ - li) sin ^3, 

or ' Wa sinag ^ W3 mna^ 

*S — il il - ^3 

^ W i iio ai 

Again, Ij^ Wi sin 2a ^ 4- i^ W2 sin 2a2 + ^3 W^ sin 2aa = 0, 
Wi sin 2a^ + W2 sin 2^^ + W3 sin 2a3 - ; 
. W2 sin 2d g ^ W3_Bin^2a3 _ W i sia 2ai 

Then either a^, a^, a^ are each = or tt, or cos a 2 ^ cos a^ 
= 00s «!. 

In the latter case two at least of n^^ u^i ^3 ^I3at be eqnal 
to one another. These will be a a ana Oi, because 

-^ «nd - Wi - 

[ li — it^ t^ - ia 

are both negative, and 0^ = 2^ - a^, because -j ^"^ °^ ii 

*3 — t^ 
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Bin a^ muit be of tiie 



w. 



of the lame sign aa y , and 

Qpt>06it6 Bigti to am a^ - henoe 

Hat ii Wi COB 1 + /g W^ COB n^ -h /,! W,i CCS o^i ^ 0* 

Henc**, dividing by cos ai and subfititnting for W^, W,, W„ 
we have 

/i (^» - /a) + /. C^ - /.) -^ /. {^ - ^ir) = % 

21^1^ - 2^1^ = 0. 
.\ ^1 = ^^n which is abiurd. 
ConaideriDg the case when 

sm 2^1= ain 2 a^ = am 2 a-^ — 0, 
&in rtj =5 bin a^ = sin a^ = 0, 
ni^ ttgi <x» mUfit Clival <^ or r. In any caae, 

W, + Wi COB 2 a, 4- Wa COS 2 ^^ + W^ cob 2a^ = Q, 

/. W. -H Wi + Wii + W., -= ; 

but four positive quantities cannot =^ 0, eo that this is ib- 

admiisible, so that aj^, a^, a^ cannot produce fciuilibrinm if 

thpy are or r, 

itence, even with four cranks* an eBgine cannot be 
properly balanced withont the addition of an anidliaiy 
crank or eccentric carry iug balance weights. 

if, however, an pngice has five or six cranks ; for ejcaniplf, 
i! two triple engines work on the tame shaft, but are right 
and left handed, and the cranks are arranged aa follows : tbe 
two centre are vertica!, the two nearest to these on the 
right and left are at 120 depr. to the vertical, but in front of 
the vertical plane through the shaft, while the two furthest 
are at 120 deg. to the vertical and behind this vertical pknp, 
then, if the moving parts of the |ix cylinders are all exactly 
the same, the engine wi II be perfectly baJanced. For, firstly, 
as regards con pies, whatever right hand couplea are pre- 
ducea by one engine, equal and opposite left-hand couplri 
are produced by the other, in whatever position the shaft 
may be ; and tbe equations that deal with forces 
each three cranks— 

1 + COS 120 + cos 240 = 

ain 120-1- ain 240 - 

1 + cos 240 + cos 480 = 

ainStO -i- Bin 480 = 0, 
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im 



and these are all identities, so that the vertical forces are all 
balanced. 

If five crankg are nsed, the centre crank mnst take the 
place of the two central cranks of the two triplee^ and the 
wFi^ht of its piston m^st be twice that of each of the others. 

We ahall now diacnsa a method suggested for the complete 
fielf-balancitig of fonr- crank engines, and show wherein the 
error lies, in fig. 171 let there be two cranks, aa shown. 



r^-K 



>/ 



>.w 
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tietQ make an anpfle 5, and be acted on by weights w^ W. 
as far m the finite length of the connecting rod is 
ned, these have the fiame effect apg a single crank to 
which the weight P is attached, and whose position between 
the cranks is fixed by the following equations : 

1^ ain 2 a ^ W sin 2j9 ,,,,... (1) 
P = l^C0S2a + WC0S2.5 , (2) 

For this will be attained if 

F cos 2 7^ ff^ COS 2 (7 - (^) + W COS 2 (7 + ^). 

(It must be clearly understood that what we have said 
above only refers to forces, and not to couples^ for we can 
readily see that by properly ad jnsting 7 we can produce a 
couple from w and W's motion ; ie.^ if cos 2 7 is zerOi 

li' cos 2 ( 7 -«*) = - W cos 2 (7 + j3), 

and the couple cannot be balanced by any single force dne to 
P. Hence, if the couple is to be balanced, it most be by other 
agency,) 
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P COB 2 > ^ «' COB 2 Y COS 2 a - w mn 2 y sin 2a -f W oo«2t | 

COB 2^ - W Bin 2 T Bin 2j3, and if (1) holds good, 

P COS 27 = (t^ ooB 2a + W cob2,^^) cos 27, 

which ia equation (2). 

In the case in which the aogle fonaed by the two cranks ' 
is an obtufie angle, the^ have the saEoe e fleet as far ai the 
finite length of couDectiDg rod is concerned as a sinfrle 
crank arranged at rificbt angles with a line Ojr^ fig. 172, 



r„r^-. 



\. 



y 



'^C 



'UJ, 



Fio. 172. 

between the cranks, if the following conditions bold j 

w?! sin 2 a^ = Wi Bin 2 ^1 . .... 
and Pi ^ Wcos(7r-2/3i)+ «?i C0&(7r - Sa^) , 

For if so, 

P, cos (27 + ^»0 deg.) = Wi cob (27 - 2^ J 
4- T^coa (27 + 2 Hi) 
.\ - Pj cos 27 = WiCOe27C0B2^i 

-h Wiein27sin2i3i 

+ «?1 cos 27COS2rti 

- Wi sin 2 7 sin 2 iix j 
bat applying (3), 

_ P^ ^ Wi 60B 2 ^1 + ?f»i COS 2a^, 
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whence (3) follows at once. (Notiee the eonpie k not 
neTitrftliaed.) 

I^ow, if P and P^ are equal, and theae equivalent cranks 
are placed at right angles^ ao that the lines p and O P are 
in a straight line, aa shown in fig, 173, then the forces 

IP 



.-4i 



!p 



Fm. 17 a. 



produced by the reciprecating parts of these crankB, m far as 
they depend on the obliquity of the connecting rods, will 
disappear if P - P^, or 

wcoa2a+Wcofl2^=t^iCoa(ir^2ai)+Wj C0i(ir-2^i}. (5) 
and M? gin 2 a = W sin 2 /5 , , , . , . (C) 



Wi ain 2a^ = W^ sin 2 ^j^ 



(1) 



but it muat be noticed that the coii)}les are not necessarily 
balanced, and there is no doubt that if the distances apart of 
the cranfes were such that these couples won Id be balanced, 
that the forces and couples due to that part of the reci|jro- 
cating forcea independent of the obliquity of the connecting 
rod won Id not be ; in shorty the above method, which we 
believe has been introdtit^d in practice, is merely a laborious 
attempt to overcome a difficalty that is inaurmountable, as 
we have already ahowD. 
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CHAPTER XVII. 

Os Governors, 

J> a governor could be conatructed without fnctioD, a' 
diagram illustrating ita motion could be inada such as 
tig, 174^ in which ps!/i are the highest and lowest positiom 
of the sleeve, and the absciaea? of the curve u^u^ repreaeat 
the angular velocitiea of the ballfl, so that when "the sleev^e 
is at 1/ the angular velocity of the governor balls is u. Bat 
in a real govomor there aiwajB exists a reaiatance E from 
internal friction, and the diagram that connects the height 
of aleeve with velocity of rotation is no longer a single line. 
Suppose, for inatance, that the aleeve of the governor und«r 
eonaideration is at the height //> and in equilibrium under 
the action of the weigh ta of the moving partp, and of the 
centrifagal force due to the angular velocity u ; theD| in 
order to raise the aleeve, the angular velocity must loe 




Fjo. 174, 



Fio, 1T5. 



increased until it reaches some value kf, because K must be 
overcome, and to lower the sleeve the angular velocity must 
decrease to some value i' for the same reason, \l being 
reversed so that it may be represented by - R. Let ^ be 
the mean speed of the governor, then we shall call the 
** coefficient of sensibility " 



n = 



L 



The diagram of the governor ia therefore a zone, fig. 17j . 
enclosed between two curves, Ui S^^ ^^^l t-^i w^, the one the t& 
line, and the other the v line. " The governor is thus 
capable of confining the a peed of the engine within the 
limita <^^ and iV^, and the fraction 

may be termed the coefficient of regularity of the engine. 



I 
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A governor in termed astatic when 



aa in fig. 170, bo that the load may vary between zero and a 
maximum while ranning at its mean speed t^, but is pre- 
vented by the governor from pftssing the limits ta^^, o^. 

The term isochmnous hao been applied to a governor for 
which u iJi conatant} go that in the diagram n^u^ ia a vertical 
straight line* WheD, however, the reaiatance R is taken 
into accoont, many governors which have been designed 
with this object, neglecting 11, ceaae to be iaochronona. 

THE *'BirSS" GOVEEKOR. 

We ahall first consider the Buaa governor, which is shown 
in fig. 177 ; the arm C A E is bent through an angle 7. The 
point C moves perpendicularly to the axis upon the slide 



jlz G 




K*^^ 



— m. ^ -jJ 



YP 
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E D and the point A, which carries the aleeve, parallel to 
the axis G G, The reaction at C is vertical, and obviously 
equals 

when the angular velocity is 11, and there is no reaiatance E, 
P being the weight of one ball and Q that ol the sleeva 

The forces on the arm C A B keep it at rest, and we may 
therefore take momenta about A, ao that 

F 6 coa a = f^p + ^^J a sin (7 - '^) + P & ein a. 

*'. (m -^ b ain a) b coa a = f P 4- ^) rt sin 7 coa a. 

+ sin « |P& - (p + ^^^) a COST } . . - (A) 




will divide out, and 
Next suppote that n changes to w, m that R is positiTe* 

'^^ " (m + & Bin a) 6 COB a « f P -|- -^-g- ) ^ fiin 7 COB a 

which IB obtained b^ changing Q to Q + R in equation (A.). 
Then, if pOBsible, let w be ooustant, so that when a = 



Subititutiog thiB in (B)p 
w^P 



(p + y^)a«^7. 



* P / 0\ 

— ^ wi 6 COB tt = ( P + ^ )a sin y cofl * 
i/ ^ 2/ 



+ — ( a sin 7 cos a 

remembering that 



-»{ 



C0fl7 + 



h sin 7 1 



m 



The only term that does not divide through b^ cos a is 
- ( 008 7+ -Jam a, 

and m cannot therefore be constant, because coi y + —^—1 



'■^-irj 
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,not be zero, tor if it were zero, then Vb would abo be 
Of which m impoasible ; so that iff camiot be constanti 
I io the aame way we can ^how that v cannot be constant ; 
that this governor ia not practically isochronoaa. 

WATT'a QOVERNOK, 

i*!^. ITS IE a diagrammatic representation of this govemorf 
wing the symbols employed for the varions forces and 
lenBionE. For the sake o! simplicity it is asanmed that 
3 — D F ~ m, and A C = C D, that the weights of and the 
trifagal forc^ acting on the arms A B and links DC are 
ill enough to be neglected ; and that m Is to be considered 
itiYB when the point of fiuspengion is on the same aide of 




Tm. ITS. 

Bpindle G G as the bails, and negative when the governor 
TOSS-armed ; and lastly, that the snESxea Q, 1, 2 refer to 

middle, lowest, and highest points of the sleeve, 
^hen, from geometrical conai deration! — 

J Ai=2ftC0Sai (1) 

■ h = 2a cos a * * t . (2) 

y =-hj^ - k = 2a{cmai - cOBa) (3) 

Bdice S ^ = 2a^in aSa (4) 

i from the principle of virtual velocities 



P6 



3acoBa-VhBa.&ijitt - {^^^\^y = , 



(5) 











m 

(10) 

(11) 



AfO three equAiions giving the three curyei on the governor 
diftgmnv. 

S appose now it be required to make the governor " qnftgi- 
isochroiioua ' — t\f,» so that the speeds u^, 7;^,, correaponding 
to the hi ghost and lowest posii^ioni of the sleeve, shall be 
oqnal ; then if Ai, An, A ^ b(» the valaeg of A when « becomea 
oii "iM i^L'* the fultilment of the eonditioti u^ =^u^ requires 
that 

A.(i.|-5)-A,(l + °Q) (12) 

or Ai = Af J i.it,| 



tan at ^ tiftn a. 



m 



(13) 



smaj^ + - ain«j = 



L 



We may choose two of the three quantities e^^ a<|, ?!^ 

6 

arbitrarii^Ti and calculate the third ] hence there are two 

problema First, having given a^, a^, to find ^, and, 

o 
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secondly, having choien a^ and ^ to find a^. Taking the 
former, let qs aestsme that 

tti = 30 deg., £i2 = 45 deg. 
From (13), 

tan SO tan 45 



sin 30 + 



fj 



sin 45 + 



m 



m 



^ (tan 30 - tan 45) - sin 30 tan 45 
o 



sin 45 tan 30 



i- V 

? = ! 5/« - - -22 (14) 

SO that m is negative, and the governor will be cress -armed. 

Let the valnes of u be now determined, corresponding to 
the lowest, highestt and middle positions of the sleeve^ 

From (11) it appears that n is proportional to J A; and 
since Ux = U'2, 

f wh 



-^^ ^ 2 a (co€ 30 deg. - cos a^) 

2 



COS ^0 '■ 



COS 30 deg. + oofl 45 deg. 



where c is the total rise of the sleeye 
k c — 2a (cos 30 - cos 45) 



do = 38deg*"8min* 



J 



I t&nt 

r 



am fit, + 



m 



= 14 



and 






The diagram of this governor is shown in fig. 17t3, hut it 
must not be imagined that if the Hleeve is at j/ below f/^, and 
the speed increases to w^ that the sleeve will fall, because Si,^ 
O^ is not a curve of descent* The sleeve will rise rapidly, 
and win pass a point f/^ at which w^ ^w. This type of 



governor ii too aensitive, aod reqaLres a apHng between E 
and F i in this c&ae E is BOt constaat, bat takes the form 

where B and C are constants, and the positive sign mnat be 
tibken for rising and the negative for falling, b©c»Tise t^ 
spring alwa^a opposes upward motion. The condition of 
** astalicity " is ta = 0^ = t^^, and according to the definition 
of the coefficient of sensibility , 



w - V ^ 






n^ 



bJo ^ — 






«s- 



/tz 



j--r\ — p" UrUz 

■or 



Ui 



Fia. 179. 

where K — 10, so tbat the extreme Tariation U one-teoth of ^ 
the mean speed, whence 

^1 = 1 - J- 



*-^ = 1 + i 



Oj _ n^ 



1 ^x 



ng + 1 «s 



watt's govbrnoe. 209 

Bat til = ^2 very nearly, so that 





«2 _ 2K + 1 ^ 21 

wi 2K - 1 "^ 19 • • • ' 


■ . (16) 


and 


^ = 1 


, . (16) 


We must combine these with the equations of equilibrium 
(9) and (10) 




-.':—.(-??-:?)•• 


. . (17) 




".'r*.('+f^?p)- • 


. (18) 




".1-^-('*?F-??) ■ • 


. (19) 






. (20) 


whence 


Ai O^- i^i U)i Wi 




since 


Til = W2» ^^^ ^1 = *^2 






.•.A, = MAi=g = Ai . . . . 


. (21) 




.-.!»=_ -1348. 
6 





If now we take a^ = 30 deg., ao = 38 deg. 8 mia, ag = 
45 deg., then 

J "A, = 1-2573 
J A^ = 1-2748 
V A^ = 1*3211 
and ^ = 10143 !^ = 10513 

The curve giving the values of u is shown in fig. 180, and 
is therefore free from the defects of the " quasi-isochronous " 
governor. 

We may next consider the case in which we assume a^ 

and ^and calculate ag. 



Let U8 assume m = 0, a^ = 30 deg., and calculate ag, so 
that the governor may be astatic. 

14m 




t 



AlaofFom (11), 

„« = jL£(i+|a) 

u ^ - 1 ^ r 1 4. ^ Q \ 



V r/ (2 K + 1) - 2 



which is independent of n^, so that the Bame diagram 
applies to every Watt governor having the point of tuapen- 
iLOQ in the axis o! revolution, provided K «= 10, and the 

choice' of ^^j^ ^ is wholly unrestricted, and may be made 
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to aait the convenience of the engineer. The formula 
applies equally to the Porter governor, -which ii only a 
particaUr form of Watt's. Watt'a governor, with eqaal 
arms A C» C D, poaaesaea another uaef al property j namely, 
that the total weight reduced to the aleeve is constant in 
every poaitioo of the latter. By the expresaion, "weight 
redaeed to the aleeve/' is meant the weight of a single mass 
which, if concentrated at the centre of the sleeve, and sub- 
mitted to the aame forces which act upon the real masses, 
woold have the same acceleration as the sleeve has when 
connected to the actual weights. It may be calculated by 
equating its virtual velocity to the virtual velocities of the 
real weights ; thus, let ii be the total weight of the governor 
reduced to the sleeve— i.^., the real weight Q plus a weight 
2 X, which would have the same virtual moment as the 
sum of the virtual moments of the other moving parts ; 
then 

iXSp = Fb Sa sin^ 
and S y = 2 a sin « 5 « * 



whence n = Q + 2X = Q+ — P^ constant 



(25) 



If H be the height of the cone of revolation of the balls 
in feet, then 

H = 6 COS a, since b is in feet ; 

.'. from (24), 



w^y bt J 



/] . a (Q + R) _ / , , a (Q - B) 
J ^ b 1' 



JbV + aQ + aR~ Jb P + aq' 

- y. - N. 

m 



aR 
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COMMON FORM OF OOVIfiKOB- 



wbcre N^, N% lire the niamheri of revolatioiifl per minute it 
mhi^h the lieevc will rite and fall, the ntimber of reToln- 
tiouii when f notion dof i not act being X* ^ 

Thfi form of govrrnor fihown in ontline in fig. 181 has iti 
axla horizontal or vt^r^i^al ; O H ia this axis^ around whicli 
1> rotatei at a railiuH K l> = (^ ; the point F tDOves a Blee^e 
alfCHif ihi> axis toward a Q when the ball mores outwuxde, 
W# ihaU only consider the case in wbtch the arms ED, OF 
art) at right a tig lei. There is a spring which is compressed 
wht^n F niovri towards G. Let 2 S be the force of the 
sprtngi and " , the greatest valua of « } then 

S — A 4- B ^ (sin a^ — sin a) 




->F 



Fin- ISl. 



wher«) A and H are constanti, and the resiatance at F 

parallel to the axis ia S + H or B - B, aecordbg as motion 
u towards G or H. 

First, let the axis cf revolution be horizon tal, and let F 
be the centrifiJgftl force of one ball ; then 

Fi a COS a = Sh CCS v. 



. \ a '-^ (d - a sin a) = S 6, 



5ll!l ■ 



assuming that the speed ia stifEcientlf great to make the 
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effed, of gravity negligible. Firstly, auppose that the 
goveraoF lb to ba made iaochronoua. 



—^ id - a Ein a) a = li \A -t Bb ain a^^ 



Bb sin a I 



and ^ will be constant if 

F cd^ d fit 
9 
and 



= ^ A + Bi- sin flj 



^^'"""^Bh^ 



9 

8a pp (King all the other qnantitiee are assumed, these are 
two equations to find A and B — that is to say, the spring is 
on© which exerts a force ^ B for a compression of 1 in.# or 
which would exert a force 2 B for a compression of 1 ft., and 
which exerts a pressure 2 A when the sleeve is in its lowest 
position* An isochronous governor is far too sensitive, and 
would bunt J it is better therefore to make it astatic— {,tf., 



P^V 



i\ ^ c, =. 



(d - a mi ^^) a = h | A + R + B 6 sin a^ — B 6 sin a^ j 



9 



Adding 



= 6|A + R[ 
id + a Bin Kj) a = 6 (A - K + 2 B 6 sin a^). 



if 



A6 + E5^ siafli 



Sabtmcting ^ ^^ ^° ^^^ "^ = 6 R - B 6^ sin a^. 

From the above equations, if R, P, % a, d, and a^ be assu med, 
A and B may he calculaied. 

When the axis of revolution u vertical, the general 
equation takes the form— 

id - a sm a) ct - P a em a 

U 

= 6 ]A + B6 (sinai - sin a)[ 

and when i* is changed to v or le', A must be altered to A- R 
or A -h K ^ 

/, mM^-^Bina,)a - Pa sin a, = 6 (A + R) 
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whence, if R be asstiin^d, A can be found. 

-i^ (<^ + a sin a J t( + P a ein Ai 
9 

«5(A-R) + 2B6' 
from which we m^y calculate B. 

Fig. 182 is the outline of Proell'a governor, the axis of 
revoFutton being G G. The nnmerical values chosen for the 
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various Bymbols shown on the figure were measured from ft^ 
governor actually in operation, and are ag follow : — 

t?i the diameter of the ball B, = 1"562<', where e ia the 

travel of the sleeve. 

The instant an eoua centre of motion of the armBCDiBlj 
and the conditions of equilibrium are expressed by equating 
the ium of the moments of the forces about I to zero ; thus 



iei=A + BS 



A 
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-^ Bin a - sin (« - /3), 
in which A =* p— =i 

[^ + Bin (a - /3)J COS (a - /3). 

a - 
— Bin a 

B = ^ 

[y + sin (a - ^1 COB (a - ^). 

In order to ensure that the sleeve shall move in the proper 
direction throughout the whole of iU travel, we must have 
U2 > Uo > Ui ; or 

A2 + B2 S > Ao + Bo Q > A, + B, ^ 

and, therefore, -^ > 108. 

If Q be taken = 2'4 P, as in the case of the governor 
before mentioned, the values of u will be 

^ = 1 03 ^ = -987. 

Uo Wo 

The curve at its lower parf, therefore, approaches that of 
isochronism too nearly to be satisfactory. 

To make the governor astatic, we must have <^2 = ^i> ^^ 
that 

A2 + B2^-B2? = A, + B, g + B,g; 

and if K = 10, 

M » Uf as in the case of Watt'd governor ; also 
aataticity requires 

As + B, g + 1-^-5 = M^ (Ai + B, 9 - B, J) 

The last two equations give us — 

^ = 3 628 and p = '226, 

and the mean speed fa may be calculated from the equation 

^' Z = A + B g 

for any given value of /. 




^ 



In fig. 183 is a coniiMl spiral upon which a compresaive force 
W acta aloDg the axia of the cone. This is equivalent to a 
eon pie W r at the point A, r being the radius at A and a 
force W at A, Now, the line of acdon of W ia not parallel 
tp a section normal to the centre line of the spiral. In tig, 
lao the couple Wr ia represented bj a line perpendictil&r to 
hs plane, and directed so that the turning appears clock- 
wise when looking along the line in the direction of the 
arrow. This can 
dicnlar to one 



I 



an be replaced by two components perpen- 
another, vk j \V r sin >t, which tends to twist 




the spiral counter clockwise, and W r coa i^ tending to bend 
the spiral so as to diminish its radius of curvature ; also W 
can be resolved into a i hearing force W sLn v^, and a thrust 
W cos ^. These two last may be neglected, and in most 
cases V^ is so nearly a right angle that the bending moment 
may be neglected, so that the twisting moment may be 
taken as W r. 

Let 3 be the deflection of a conical spiral of uniform 
section under a load W ; the greatest and ieaat radii of the 
spiral are Rn, Ho ; I ia the polar moment of inertia of the 
section, C is a constant depending on the form of section, G 
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is the transverse modnlns of elasticity, / the increment of 
radios per coil ; then 

Circvlar Section. — For a circular section C = 1, 1 = -—r , so 
that 

and the stress 

/•= 16WRh 

If the diameter of the wire decreases with the radius, so that 
the spring has equal strength at every section. If c^^ = M E 

and the stress is 

/•I = 1?W ' 

*^ ttM 

80 that the greatest safe deflection is 

and the greatest safe load is 

^x^Mtt/i^ .196 M/^ 

For a given length of spring 8nd weight of material a 
circular section gives the least deflection. 

Elliptical Section, — ^This section is used for bufler springs, 
the larger diameter D being parallel to the axis of the 
spring, and the smaller d at right angles thereto. 

C = (D" + ^^)" 

J ^ 7rD(Z(D2 +d^ ) 
64 

80 that for a uniform section 

. 8W (D'^ + c^-)/R 4 P 4\ 



Sid 
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If the coib just lie so that f = d, then 



8W D^ + rf^ 



(R«* - Ro*)- 



The greftteit stress in the material is given bj 
. ^ 16 W E 

and is foimd at the extremities of the shorter diameter. 
If ^- varies as R, the stress vill be the same at every 
section. Let d- ^}i Rj then 

GDI JK^ &K\ / 7D-V J) 

Rectangular Section, — This is a very common form of 
sectioD, especially in butter springs, ^o-f -where the coila 
overlap. If the longer side of the rectangle is D, and the 
shorter is d^ then in beams subject to torsion 

Where / is the greatest stress produced by a couple T^ (i, b^ e 
are coetEcients givan in the table, and ^ is the angle of 
torsion per unit of length reckoned in radians (1 radian = 
la OdepA 

When one side of the rectangle is more than four times the 



a»tio of ddeB E 


tf> 


b 


e 




•^75 


lU 


^ms 




niao 


■SSP 


-s«# 




■MS 


"2*53 


'207 




■m 


'^SO 


2^ 




•^m 


■201 


-sei 


fl 


l-OW 


'2»S 


■m m 


10 


1^000 


'31 J 


'312 ^ 


3D 


1*000 


■92!i 


■323 


100 


ISJOO 


'331 


^31 


00 


1000 


saa 


*3SS 



CTUNDBICAL SPKIIiGS. 



2m 



length of the other, the formula f = Q & d may be taken 
without aensible error, and if D is more than 10 tf, 

T = I /B d^ very approximately. 
For a spiral spring of rectangular section for all ratios of 
Bides commonly met with (except when D ^ d}^ 

C 3 • 

so that for a spring of uniform section 

or if the qqUb jnat fit one another so that ^ = (f, 

Also, 

3WRh 



Ron 



/- 



Dd^ 



ao that the greatest safe deflection is found to be — 



61 ^ 



r/ (Un'^-Ro^) 



In 



wliere / and W are the greatest safe stress and load, 
practice D is usually constant, nod >: diminishes with the 
radius. When c^- is proportional to Rj the maximum stress 
is constant. If (^^ = ^I K» 

It isj however, moat convenient and sufliciently accurate to 
take the mean value of d^ and to use the formula for uniform 
section. 
Square Section.— ¥or a conical spiral of uniform section, 
3 54 IT W 



5 = 



/-' 



4 79 W Rn 



(Bn 



Ho*). 



For hardened steel G may be taken as 5^600 tons per square 
inch. 

Gylindrical Spirals : Circular Section.--ln this case 

. 64n WR« 
" Gtf* 
where n is the number of coib. 
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The greatest stress is 

f ^ 16 WR 

Elliptical Section.— 

^ ^ 32 n^W RK ( Pg-Kfg) 

. 16WR 

Rectangular Section D > W.— 

6nirWR3. 



/ 



3.W.R. 



Square Section, — 

J 2.Tr.fi.R^W. 

" Ul.G.** ' 
^ ^ 4 79 W R 

Mr. Hartnell has experimented on springs such as are 
used for governors and safety valves, and gives 60,000 lb. and 
70,0001b. per square inch as the safe stress for gin. wire, 
and 50,0001b. for Mn. wire. Ue finds that G varies from 
13,000,0001b. for iin. wire to 11,000,000 for gin. wire. 
When the diameter of wire is less than g in., he gives the 
maximum load — 

W = 12000 -^ 

XV 

and 5= WnR3 

180U00C/* 

The Board of Trade rules for the springs of safety valves 
are— 
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where D = the diameter of spiral in inches 
n = number of coils 

W =3 the whole pressure on the valve in pounds 
C = 8,000 for round wire and 11,000 for square wire 
E = 30 for square wire and 22*8 for round 

d is the diameter of the wire in inches in the first formula^ 

and sixteenths in the second. 

The formulae used by Messrs. Armstrong, Mitchell, and Co. 

are — 

35000 6^3 



W = 
S for load W 



D 
•02333 riD 2 



d 
The first equation may be written in the form — 

W ^ = ^d^ X 89250 
2 16 

i.e., /• = 892501b.; 

and the second may be written thus — 

..I'M' 

ia8U00 d^ 

so that ^ = 188000 lb. 

G = 120000001b. 
= 5400 tons nearly. 
For brass springs the above firm give— 

Vioooo/ 

and 5 = -0136 n ±^ 

d 

for the greatest safe load W. 

Numerical Examples. 

Example I. — In a Ramsbottom safety valve there are two 
valves, each 3 in. in diameter, and the pressure at which the 
valve blows ofi is 1601b. per square inch. The mean 
diameter of the spiral is 3iin., and the diameter of the 
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wire ii iUn, There are lix turoflj and the fall lift b i ia. 
Wbat ii the streas per square Lnch before lilting and tk^ 
ifiittal ext«iition of the spring, and what ia the great^t 
ffiitetiiioo and the maximnni atreas. 



L^t 



L€t 



f = itreai before lifting 
^ 16 X B X 7854 x 3^ x 1} x 160 

" If X <m2&)* 

- 37GO. 
A - initial extemion 
U n W R ^ 
G d* 
G 
6i 



- 1800001b. 

igQx2 K -imi X 3^ X eato)^ 



and greataat itresfl = 



180000 X {mmf 

^ *925 in, 
,\ greatest extanaioii ^ 1175 in., 

■^-'^! '*'''' 

M^jcamfde //.—Each ball of a vertical governor of the type 
shown in !ig. 181 weigbi 5'3 lb., and at 180 revolutions per 
minute revolves in a circle o! 4| in. radins^ the arms 
carrying the balls being then vertical, and those that lift 
the sleeve horizontal. The former are 4| in. long and the 
lattwr 3| ia The lift of the governor at 189 revoiatioM 
is iMn. To design a suitable spring. 

If w is thfl as g alar velocity, r the radius of revolution in 
feet, and W the weight of the two balla, the force exerted 
on tne sleeve by their centrifugal force, at 18t> revolutioni 
per minute, li— 

41 ^ 11 6 ^ / 2 7r K 189 . \^ ^ 6J36 ^ _±i 



Fj = ^rt^- X 



{2jf_KjM_.Y 
\ 60 / 



ff 3i dl \ 60 / 12 '^ ^i 

the radius of revolution being readily shown to be 6835 in* 
.,l\ -lOiJlb. 
The additional force exerted by the weight of the balla ia- 

F.- 11-6x^1^ = 7^ lb. 
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since I'DC Iil ia the overhang of the balls, and 2'88 in. U the 
horizontal projection of the inner arm. 

The total force F on the apring is therefore 1131? lb. 

Let R be the radius of the spring, and d the diameter of 
the wire; then 



_ 113-9 R 
11760 



(1) 



When the number of revolntions is 180, and the arms are 
TerticaJ, the force on the spring is 

p _irfi ^ /180x S^Vx^^xM 



H 



■■ 68'6 lb. 



Hence F - F^ can compress the spring 1^ In., using the 
formala— 

W«R^ 




s = 



1^ 



18O00O (i* 

45^3 n H^ 
180000 d^ 



m 



k 



and from (2) 



From equationa (1) (2) we can find Wo of the three 
quantities n^ R, d^ if we assume one of them> Suppose 
R = 1| in., then 

,3 _ 113-9 X r375_,(.,^^ 
d ii^eo~- ^^^^ 

d = "237 in. =- J in,, say ; 

180000 X (-23 7)^ X Ij 
45-3 "x (1'375)^ 

= 7"2 tnrna 

Examj^e IIL^A safety valve has a diameter of 3 in., and 
the pressure is 160 lb. ; there are 11 turns in the spiral 
spring, whose mean diameter Is 2|in., and it ii of square 
section side d] to find d and the necessary comprasglon 
from the rules of the Board of Trade given above. 






ftnd 



I 



" V 11000 / 



d being la li^teentlipf 

^ IfiO y TtWSSH X f275)* x 11 

(io'6)* K ao 



CHAPTER XIX. 

Aui YEi^SEL8 FOE PUMPS. 
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WaiN the piston or j^lunger of a pump is connected to a 
crank its velocity varies, and ao also does that ot the dw 
charge. Now, if the pump dischargea into a main of rhj 
lengthy ^nd this chacge of velocity ifl communicated to the 
whole mass of water therein, the pressure in the pump and 
pipes wou!d be enormously increased, and all parts would 
require to be much stronger, or there would be a breakdown. 
An air vessel is therefore 6tted as close as possible to a 
pump, so that when the velocity of discharge is above the 
mean the water may enter the air %^e8sel and compress the 
air therein, and when the velocity falls below the mean the 
air vessel may supply the deficiency, so that the velocity in 
the mains may l^e unaltered. When the head of water is 
great-, compressed air is supplied to the air vessel to take 
the place of that absorbpd by the water, but when the head 
is small it is usually sufficient to draw in a small quantity 
of air at each suction stroke of the pump. The qnantity 
of water that Hows into the air vessel may be obtained 
by calculation, which involves the integral calculus, or 
graphically in the following manner: It will be clear that 
the velocity of discharge at any instant is proportional to 
the piston velocity. Let E F, fig. 18G, represent the stroke, 
and Q P, PC the connecting rod and crank ; then the ratio 
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of piston velocity to crank-pin velocity is C H : C P. Next, 
in tig. 185, take AC, CB each to represent the half revolu- 
tion, and let 

AH_ arnEP 

AC arcEPl?^' 
and make D H, fig. 185, equal to C H, fig. 186. By making 
N G 




this construction for P^veral points, we can set out the 
curves ADC and C G B. Again the mean velocity of the 

piston = - X the velocity of the crank pin. Let AK 

represent this v«locity, C P representing that of the crank 
pin, and draw KL parallel to AB. Then the area MNR 
bears to the area K L B A the same ratio that the quantity 




absorbed by the air vessel bears to the total discharge 
per revolution in the case of a double-acting pump. 
If the pump is sin?1p-«ic^ing, take A S equal to half 
AK. Then the area UN V is to the area ST BA as the 
surplus discharge is to the whole. Similar diagrams may be 
drawn for numps having cranks at right angles, or at 
120 deg. Fig. 187 is a diagram for two double-actinn: 
pumps naving cranks at right angles. The curves ADC, 
C £ B are drawn for one pump in the same manner as the 

15m 



2m 
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Durvei m fig. 185p and through t* aad K potQlt fakeetiiii 
A C, C B, Similar curves are drawn for the other, U tkt 
ordiuatea urs then added, the curves F P D, D Q H, At, wxs 
obt&iued . Theo, since there are two pistona, M N is dimvi 
pamlJel to A B, so that 

MA- A 



velocLty of craok pin. 



and each of the areas cat off ahove it are proportioeal to 
tJift water discharged into the at? vessel, the rectangle 
M N B A representiug the discharge per reToLntion. Tlie 




following table givefi the percentage of the whole discharge 

par revolution that eutera the air vease), the obliquitjr of 
tlie connecting rod being neglected. 

Type op Pump, 

Excess per cent- 

Single-acting pump, one barrel ,...„._. 55 

Double-acting puinp, one barrel , , 105 

Two double-acting pumps, with cranks at 

right angles .,.. 105 

Two single-acting pumps, with cranks at 

right angles 35 

Three-throw single or double-acting pnmps, 

with cranks at 120 deg '58 

Five single-acting pumps 13 

Lbt p be the mean pressure due to the head h agaimt 
which the pump workt, and P the greatest pressure allowed. 
Let V be the volume of air enclosed in the air vessel, and v 



it. 

I 



A 
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the volume to which it is compressed when the pressar/^ 
rises from that of the atmosphere to p. To be aooarate, Y. 
mast be measured from the top of the discharge pipe D (see 
fig. 188). Then- 
is V = p,v. 

Let Q^ be the quantity entering and flowing out of the 
air vessel in cubic feet 




Fig. 183. 



(v _ Qi)F = V.p 



t; = Qi + 



V p 



^(i-^) = Q^ 



.= Oil 
p 



p 

15 (t - p)' 



if H, A are the headi of water oDrreBponding to jiressnia 

a4 (H - A) ' 

The ffnftter the satiation of pressure allowed in the lir 
ii-«ttel— i«., the greater the fraction — p-^, the fimaller will 

be the volume of the air Ti^sBeL Mr J. Brackeiibiirj, in a 
papev oa "Pampa and Air Veasela,*' re*d before the Hull and 
District Institution of Eng^ineers, states that for a i^^t^r^ 
works engine discharging i^to a long maiHf where any 
alteration in the velocity of discharge Is attended with great 
increase of presanre^ 

so that ^ ^ — , - ^ 34 J. 

r - p 4 



On the other hand^ for a oirculating pump daliveriiigagamfit 
a amall head, we m&j take 



P-/ 



= 2. 



In the ^f inutes of the Proceedings of the rnBtitotion d 

Civil Engineers^ vol. Ixxviii., in a paper on *'The Com 
parative Merits ot Vertical and Hori/.ontal Engines^ and on 
Itotative Beam Engines for Pumping," Mr. Rich states that, 
if provision is not made for breakdown, the volume of the 
air vessel shonld be forty times the amount enteriog and 
leaving it ; bnt this does not take the head into account, 
and it is obvious that as this inereaaea the air veaael volume 
must also increase If provision is made for a breakdowu, 
he considers that twenty times the amount that enters and 
leaves the air vesBBl is sufficient, assnming that one barrel of 
the pnmp fails. Under such circumstances, he states that 
for every 100 gallons discharged per revolution the capacity 
of the air should be— 

For two eingle-acting pnmps, with cranks opposite, 650 
gallons ; two-throw pumps, 360 gallons ; two double-acting 
pumps, with cranks at right anglee^ 250 gallons. These 



I 

I 



volomea should refer to % the Yolame of the air in the air 
vessalt st^ci since 



w = 20 QS atidu = 



P 

P-|> 

and V-^pQi 



P-P 



- 20, 



When an air injector is need to supply an air vessel, ita 
volume may be smaller than that obtained by the above 
calculations, because nearly the whole of the air vessel laay 
be fall of air. In this ca^e, if V is the volume of air in the 
air vessel when the pressure therein is equal to that of the 
liead, 

(Y ' Q')P = Y.p 



V = Q^ + 



r? 



which IS independent of the head, but varies with the type 
of pump and the length of the delivery main. The air- 
vessel volume must be made larger than Y, so that the joint 
at the bottom may be always covered with water. 

Fig. 18!} Bhowa Wippemsann and Ijewi&^a air injector as 
applied to a plunger pump. It consists of a cylindrical 
vessel A, which has no working parts, the water itself 
forming the piston ; at the bottom of the chamber iu a small 
pipe B fitted with a regulating cock Oy which is attached to 
the pump vaive box, immediately below the delivery valve. 
At the top of the vessel is tixed a small gun- metal valve box 
Dv fitted with inlet and outlet air valves, and from this a 
delivery pipe E communicates directly to the air vessel G, 

The action of the apparatus is as follows, viz. : When the 
main pump drawa ita water it will partly empty the vessel 
A, the amount being indicated by the gauge F and regulated 
by the cock C ; on the return of the plunger, the whole of 
the air drawn into the chamber A will be delivered into the 
air vessel G, because the pressure in the main pump, wbea 
delivering, ia in all cases greater than on the soction aide. 

Another apparatus is Appold's air regulator, fig* 190. The 
water enters at the bottom on the delivery stroke of the 
pamp, and passes not only through the cock at the centre 
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of the bottom of the air vessel, but also through the valve 
at its kf^j BO that the cock may be arranged to prevent too 
rapid an outflow of water^ while the entry may be unchecked, 
it having been found that the same amount of throttliog 
woold not aerve both for inflow and outflow. It had been 



Am OUTLET 
TO Alft VESSEL.!, 



0£LIVEBV 
VALVE. 






^m^ 



TO aAflPlEL 
or MAIN PUMP. 
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found in the first design that if the cock were opened 
auilicientlyj the water would leave the vessel with a rush, and 
there was then nothing to prevent air entering the pump, 
Mr. Appold designed an internal balance float which rendered 
the apparatus automatic. This float was a flat, circular 
copper tiay, lined with gutta-percha, fastened to a tripod or 




yoke, by which it wm 

tirit order* The other end of the leyer carried a counter- 
poise^ which balanced the float. The lever fulcmm was hang 
from a gun-metal Lugpetisioii bolt> screwed home throtigli a 
a boea in the dome of the water vessel The bottom of 
the float carried a little flat valve in braaa, so that when the -, 
water level fell, instead of going away at a gnlp into the J 
pnmp, the outlet was closed, and a certain level was always | 
maintained in the water veaael The suction and delivery 
valves are ball valves at the side and top. This description, 
with fig, 19<'| is taken from the remarks made by Mr. Amo& 
in the discussion on this paper on air vessels, already 
referred to. 



CHAPTER XX. 

On Flywhkel'^i, 

SiKCE the effort exerted by an engine ia variable, and the 
resistance is, for a time at least, constant, the velocity of 
rotation would vary considerably at different parts of 
the revolution, if a flywheel were not used to store and 
restore the aarplns energy. 

W V" 
The energy o! the flywheel la ^ where Wis its weight, 

and Y the mean velocity of its rim in feet pr second. Let 
Vi, Vo be its greatest and least speeds ; then V, the mean 
velocity, = i (^jl + ^^g) very nearly. 

According to Professor Unwic, the following are snitabie 

values of n :— fl 

M 

Engines doing pumping .... 1/20 ^M 

Engines driving machine tools 1/35 ^B 

Eng inea d riving textile m ach ines 1 /iO 

Eugines driving spinning m ach inerj... 1/50 to 1/100 
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Let E ba the energy itored and restored by the flywheel ; 
then 



2ff 



+ V.) 



The quantity E may be found in the following manner : 
In fig» 191 ia abown the diagram of twisting moment of a 
single-cylinder double-acting engine AB^ BC, each represent- 
ing half a revolution. The line E F is drawn at a height 
above A C equal to the mean twisting moment ; the area 
above C D represents energy stored, and that below I) Q the 



.^mTTTx, 



Fro. 1^1. 



energy given out again, and the two are equal to one 
anot£er. Let T be the mean twisting moment, and let D 
be divided into a number— say ten— of equal parts, and the 
mean ordinate be i ; then 



E = 



T,AB 



X work done per stroke. 



In engines having several cranks, or having cylinders 
whose lines of stroke are not parallel, and which act on one 
crank, the twisting moment diagram will have several parts 
per revolution, such as that above C D j only one of these, 
however, must be taken, as its area represents the energy 
stored by the flywheel. 

The following table gives the weights of flywheels for 
certain types ofengines :— 
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Table of Fltwhekls. 
Simple Engines, 



Tjpu of flnglne ..*.., ^ 


BB 


ttS 


H& 


H» 


HS 


Ha 


HS 


RP 






LH.K ., 


.. 


M§ 


SCi 


4£ 


00 


500 


1000^ 


l>buiistw of cjllndw 


V 


10' 


10* j 


ll-S 


iH 


ss* 


1A\ a 


Htiukc Id tndiai 


18 
100 


SO 
100 


100 


SS4 

110 


90 
70 


4i 

so 


43 


lAfl 


DcvotutlciDii i^r minute ..... 


U 


Dlntnotor of fljwlieel io ltich«» 


S4 


u 


M 


06 


IttS 


iw 


900 1 3H 


BvUer pnwuTO ...,.,...».... 


00 


50 


50 


«0 


SO 


00 


^1 U 


Nomui eiit-ofT Id lochei .... 


" 


i 


10 


0-4 


7* 


.. 


M 


SO 


Wflltrbtol H 3' wheel tu t^vta.. 


20 


M 


M 


40 


5fl* 


lao 


IWO 


lOOO 



Compound Engines. 



TyiK) of uiigino ■! 


±1 




^ 


I.II.P liO 


Diameter of H. 1». cylinder .... IS 


Diameter of L. P. cylinder .... 2Il 


Stroke of IL P. piston .... : .. 


24 


Stroke of L.P. piston 


S4 


Revolutions i»or minute 


&0 


Diameter of flywheel in inches 120 


Hoiler pressure 1 ;!0 


Normal cut-off in inches ' ,* 


Weight of My wheel in cwts. . . 


.»! 



I 

T 



as 

T 


T 


HB 
T 


H S 
A 


T 


a s 

T 


B PBF 
A A 


HP 
A 


U 


,. 


H:H1 laOO 


900 


lOOC 


„ 119 


921 


e 


321 


2+» £9 


£7 


30 


m 31 


Mi 


10 


S2 


m 60 


i€ 


5) 


^ na 


H 


IS 


30 


7» 64 


Od 


06 


m 06 


4S 


12 


36 


7^ 


64 


06 


06 


M 06 


48 


L50 


SO 


to 


CO 


T6 


70 


aa 22 


25 


7S 


[20 


s&a 


400 


204 


940 


ISO 171 


IfiS 


70 


flJ? 


SO 


100 


SO 


flO 


OO 00 


iO 


a 


15 


la . 21 


33 


SS 


-_ 


., 


W 


10 


T5 


r->oo 


UllD 


000 


0OC' 


1&& 


87 


1S5 



* Two engines. 

Jn the above table HS stands for hnrizontil stationary engine, H 8 A for the 
same with cranks at right angles, H S T for horizontal stationary tandem, B P for 
beam pumping engine, B P A for the same with cranks at right ans^les, and HP A 
for a horizontal pumping engine having cranks at right angles. 
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The Compensating Cylindkrs or the Wortoington 
PuMPrao Engine. 

These may be deBcribed in connection with the subject of 
flywheeli, as thej act in the same mamier, storing up 
energy when the steam pressure is greater than the 
reaiitanoe, and returning it when through expansion the 




Fi5. 1P2. 



pressure falls. The Worthiugtou pumping engine has no 
crank nor flywheel; the platen rod has the piston at one 
end and the plunger at the other, and there is nothing 
pxcept the steam pressure to determine the length of stroke. 
There are always two tandem engines placed side by side* 
Each engine works its own expansion valves, but the 



bL 
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diitribntion valvei are aotnated by^ the other. At toA 
theie engine! were made with very little ezpansion, ao that 




Fio. 193. 



the pressure at any point differed very little from the 
resistance, but under these circumstances they were not 



DlAGEilM FACTOES OF COMPOUND ENGINES. 237 

economical, and in order to increase the expanaion of the 
ateara th*^ compensating cylinders were deviaed. Theae 
congifit of plungers working in oscUlatiDg cylinders, Hg. 
192, these being cono acted to air-compreBaing pumpa or to 
the delivery main. The plungers are connected to the end 
of the piston rod, or in aome caaea they are placed between 
the steam cylinders and the pump. They exert a force 
2 P cos i* where P is the pressure on each pluni^er, and ^ 
the inclination o£ its axis to the hori^ontaL This force 
resists the motion during; the first half of the stroke, and 
assists it durmg the second. 

Fig. Ifi3 shows tbfi diagram of reanltaat pressnre on the 
piatons A" B ' K". W W is the almost constant resistance of 
the pump, and A' B' K' is the diagram showing the action of 
the coiupresHors. It will be at once seen how very nearly ■ 
(tnnstant is the combined effort of pistons and compenaators, I 
Without the latttr the engine cannot finish its stroke, and " 
I his is an advantage, especially when pumping oil to a 
distance, for if a break occurred in the pipes, much oil 
would be wasted if the engines were not immediately 
stopped. The sudden fall of pressure prevents the com* 
pensators doing Iheir work, and the motion of the pistons 
. ceaaes. 
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CH AFTER XXL 
The Diageam Fa*. toes of Compound EmuHEs. 

Ir the oat'Otl' be at - th of the atroke of au enginei, the 
r 

steam will he expanded r timee, Neglecting clearance and 
the mean absolute pressure, p may be calculated from the 
formula— 

1 + hyp. loir, r 
P = Pi — ~~- — i 



I 



where p^^ is the initial pressure absolute. So that if p^^ ** 
the mean back pressure absolute, the efl'ective pressure 
3 is— 

1 H- hyp. lop. r 
Ps ^ P - Ps ^ Pi -r - P2' 



r 



When the compound engine was first introduced, one of 
the objectious to its use was that for a given initial absolute 
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pre^ure, and m given total nmnber of expatiaions, the tDB&n 
pressure referred to the area of the low-presaare piston wm 
generally less than what it would have been bad the B&m 
number of expansions taken pla<!e in the low-pressure 
eyiinder with the same initial absolute pressure ; or, to put 
it in another way, if the combined diagram of the compound 
engine was made, its area was smaller than the area of an 
ideal single-cylinder engine having the same expansion and 
initial pressure. We do not intend to deal with any of the 
reasons for this apparent loss of power, but shall show to 
what extent it occurs in dilfaront types of engines. By the 
term diagram factor we mean the ratio of the mean pressnrri 
of a coiij pound engine, referred to the area of the bw- 
preesure cylinder to the mean pressure that would have 
been obtained had the steam expanded fayperbolically in the 
low-pressure cylinder, with the same number of expansions 
and the same boiler pressure, taking the back pressure a« 
3 lb. in a condensing engine, and as IB lb. in a non-condeuBing 
engine. 
If we put this mathematically, the diagram factor 



^, ^ H.P. X ^3non 



4 



Pa LAIN ' 

where H.P, — horse power, 

L = stroke in feet, 

A — area of piston, of low-pressure cylinder, 

N =3 number of strokes, 
and ?>;s is calculated as explained above. 

The following numerical examples will make the methods 
of calculation evident :— 

Tripus-expaksion Engines op the Hispanla. 

Diameters of cylinders, 20 in., 31 in., and 52 in., with a 
stroke of 3 ft, lleFolutions, ti8t>:i Horse power, 613, Cut- 
off at '47 in high- prcBs tire cylinder. Boiler pressure above 
atmosphere, 140. The total number of expansions^ neglecting 
clearance, is 

p = 155 ^ + '/>g- J4* = 155 X -264 = 39 3 ; 

p^ =. P ^ p^ = 39^3 ^ 3 ^ Sti 3 



b 



1^ 



h = 



OF COMPOUND ENGINES, 

H-P. X 3 3000 

613 X 33000 
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3d;i x3 K 2123-7 X 137 '86 



= "6a 



WiLLANs Compound High-speed Sii^gle- acting Non- 
coNDEMSLxa Engine, 

Boiler pressure 135, areas o! pistons 71 '47, 141 "34, stroke 
Gin., cnt-off in high-preBsure cylinder "336> mean pressure 
referred to the area of the low-pressure piston 38. 

The number of expansiouH 






150 X -47 = 70 5 ; 



P'A-^P - P2 = 70"5 - 18 ^ &2'5, 
p^ being IS, because the engine is non-eondensing. 



f 



■'-Si''''- 



It will be readily seen that, gi^^en the horse power, reirolu- 
tions, boiler preasure, and number of expansiona, we can 
find the volunae of the low-preesure cylinder if we know the 
diagram factor ; after which it will not be diflicult to lind a 
Huitable diameter and stroke. Then, from other reasons 
which we cannot go into at present, the cut-off in the high- 
pressure cylinder may be fixed, from which its volume may 
alio be found. To give an example, snppose we require the 
diameter of the cylinders of a compound horizontal Ooriiss 
mill engine, with cranks at right angles, and are given boiler 
preasare 1>0, with 15 expansions, and piston speed 700 ft per 
minute, to develop 1,100 horse power, the cylinders being 
well clothed, but not jacketed. For this we may take 
h = -78. 

it = 1*L-^ ^^^^^ ■ 




A = 
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DIAGRAM FACTORS 

A - 110» X 33000 . 
" 78 X ;ys X 700 ' 

1 -I- hyp. loff. 15 

SB «i 



I 



7^1 = Pi 



15 



- 3 



« 105 X -247 - 3 = 26 - 3 = 23 ; 
•. A- 1^^. 1-^^=2890, nearly. 



1100 X 33000 
78 X 23 X 700 



SO that a diameter of 60} in. will be very near the right size. 
Let a "' area of the high-presBore cylinder, and sappoae 
the cat-off ii choien at 23 per cent of the stroke, then 



A = 15 X -23 a ; 

= 2800 
i5~x~23 



840, 



corresponding to a diameter of 32| in, nearly. 

I n the table below, k is the diagram factor, r is the nam- 
l>or of expansions, the pressure J)^ is the absolute pressure in 
the boiler, or 15 Ih. above the working pressure of the boiler, 
and PS. means piston speed. J means that jackets are used, 
and N that they are not used. Where there is any doubt as 
to w bother th(^ (mgine is condensing or non-condensing, the 
letters C and N C are used. 



Tm'k or K.N.iiNr. 








IMiiupiiut KiiKtiioN k- 


r 


Pi 


RS. 


WoithiuKton. hiKh .lutv. .1 ^ '9 

U 


. . <)-2 


74-8 . 


. 97 5 


. . 13-2 


95-4 . 


. 85 


.. 141 


. 101-9 . 


. 86-9 


<'otnpo»iu(i .UlTcivntlal,.! (' -SI 


. 10 


6S . 




t\.m|MMjna .lliri»vr»ti«l,.I NC •[ } 


. 5-45 
. 4-27 


00 . 
GO 


- — 


r,«l, .1 \^^^ 


.. 18-2 

. P-33 
. 17-4 


84 . 
5S . 
02 . 





WooU l)Ciun, .1 -j /.f^^ 


. 195 




. 215 


Tiituli'in lu'iun. with rocrivcr, .1 '9:1 


. 14 


76 . 


. 268 


l.iMvitfs f()iM|Mmiul rot.itivo beam, .1 -02 


. 14-2 


. 105 


. 260 



It will be noticed in the above that Ic is very high, and 
lies between *81 and 1, with moderate expansions, and this 
is probably due to slow speed and jacketint? ; with such high 
values of r as 17 4 and 18 2, k rises to 1 10 and 115, which 
is probably owing to the clearance, which reduces the real 
number of expansions. 
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Type of Engine. 

:k>mpouQd Mill Engines, 0— k r Pi P.S. 
Corliss horizontal, two cylindors, 

with cranks at right anflrles, N. . . *86 .. lO'S .. 92 .. 420 

Corliss tandem horizontal, N -76 • . . 11-86 . . 95 . . tJ48 

Corliss horizontal, two cylinders, with 

cranks at right angles, N -81 .. 15'03 .. 107 .. 703 

Compound marine engines, sci'ew 

steamship Rush, two cylinders, 

cranks at right angles, J *75 . . 6'9d . . 87 . . 319 

Screw steamship Koning der Neider- 

land, J, same as above *7 .. 5*9 .. 74 .. 412 

Steamship Lusitania same as above . . '67 .. 5 '64' 70 .. S47 

Compound locomotive, WorsdeU'sf *.ft ** JIq " Jit " ?^ 

E-p««.N (i-f :: 418 :: m :: m 

sin Railway, N \ .qq .^.^ _ ^^ gj 

( -5 .. 4-07 .. 150 .. 2tf2 

Russian ffoods-N } '^"^ •' ^'^^ " ^^ •' ^84 

ttus&ian gooas . JN < ..^ .^.^^ ^^ ^oo 

t -82 .. 2-33 .. 150 .. 174 
Passenger locomotive, Bayoune and 

Biarritz Railway, N -716 .. 462 166 .. 319 

Passenger locomotive. Pans and/ '63 .. 2 '45 .. 135 745 

Orleans Railwaj^ N ( '7 .. 3-8 .. 135 .. 686 

/ '7 .. 8-47 .. 150 .. 404 

Willans' vertical tandem, high-speed. J !J?« '• ^i? '• JJJ " *X® 

single-acting, non-condensing.N-j .^'^ ;' *.| ;; J^J ;; f^^ 

\ '835 '.'. 4-2 *.*. 117 '.*. 100 

In the following table for triple-expansion marine engine?, 
the mean valae of the factor from ten examples is '635. 

Ttpe of Engine. 

Triple-expansion Marine— k r pi P.S. 

Steamship Westmoreland, three- 
throw crank, J -71 .. 131 .. 160 .. 408 

Steamship Hispauia, same as above . . '63 14'4 .. 155 .. 414 

Steamship African, same as above .. '07 .. 12*6 .. 165 .. 513 

Steamship Para, same as above *74 . . 15 6 . . 165 . . 340 

Steamship8bakespeare,sameasabove '697 ..11*6 .. 155 .. 394 

Steamship Kaiser Wilhelm, same as 

above '53 .. S'45 .. 172 .. 800 

Steamship Arabian, two cranks, tan- 
dem, with two H. P. cylinders, N -60 .. 8-4 .. 165 .. 388 

Steamship Claremont, two cranks, 

semi-tandem, converted '54 .. 105 .. 165 .. 435 

Steamship Mariposa, three-throw 

crank '615 .. 11'06 .. 175 .. 520 

Name unkno vn, diagrams taken from 

The Practical Engineer, Uarch IS. '62 .. 18*6 .. 173 .. 486 

<In the last three examples no i nforma- 

tion could be obtained as to jackets.) 

Willans' triple-expansion high-speed j '69 .. 6 '33 .. 167 .. 409 

non-condensing tandem, N .... ( '71 .. 6'75 .. 187*5 .. 400 

The probable value of k for a compound marine engine is 

about '7; for a Corliss horizontal engine, without jackets, 

from *76 to '86. For the compound locomotive it is difficult 
16m 
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to iix any value ; never t he leai at a high pUtoa apeed of 
from 700 ft to 800 ft. per mmiite, k — 03 or '04 ; and it a 
plow sp^eed, say 170 ft per minute, k increaaes to aboat t 
For B given engine, the slower the apeed the greater ii l\ aa 
will be seen in the last three exartiplea of the Willans engine, 
We believe that thii is due to there being less wire-drawiuR 
and more time for initial condensation to take place^ th^ 
tubaeqnent re- evaporation during expansion increasing the 
mean pressure. 



CHAFTEH XXIL 

Method of Drawlsg Theoretical Diaoeams of 
CoMPouNn Engines. 

In every case which we have seen in which this subject 
has been treated, theoretical diagrams are drawn in which 
wire-drawing at cut-ofl and drop in pressure canaed by the 
reaiatance of the passages between the cylindera during 
admisaion have been neglected, nor ia anything said about 
the manner in which these theoretical diagrams must be 
modified to obtain from them the probable diagrami. After 
considerable itudy of the subject, we have come to the con- 
clusion that it is best to make certain allowances for drop in 
the receiver and wire- drawing at cnt-otl during the nrst 
calculations, and thus make the theoretical diagrams resemble 
at once as nearly as poBsible the probable diagrams. The 
object of setting out these ia to obtain the best proportions 
of cFlinders. For example, in a compound engine with 
cranka at right anglea, it will generally be deairable to 
obtain equal power in the two cylindera, equal initial 
atresses, and only the most economical amount of drop in 
pressure when the steam is exhausted. In our opinion it ii 
the beat to first calculate the size of the low-preaanre 
cylinder, aasume aome point of cut-otf in the high-pressure 
cylinder which, with the assumed number of expanaionSi m 
will give its magnitude ; to then set out the probable ■ 
diagrams, and if any faults appear in them to correct them 
by altering the ais;e of the high-preasure cylinder In 
designing triple and quadruple expansion engines, the mag- 
nitudes of the intermediate- pressure cylinder or cylindera 
will also have to be calculated, and if necessarv altered 
atibsequently. These can readily be calculated from the 
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bigh-ptefiaure and low-pressure cylinderB, in a manner to be 
explained further on. This takes some little time, but is 
prdferable to the usual theoretical method, because corrpot 
instead of incorrect results will be obtained. For example, 
in drawing the theoretical diagrams of a compound engin**, 
with cranks at right angles, neglecting wire- drawing and 
drop of pressure in the receiver, wo foand that for equality 
of horse power in the two cylinders cut-olF in the low- 
pressure cylinder had to take place after half -stroke ; 
whereas in actual practice it was at about one-third of the 
Btroke, owing to the faulta above mentioned. We may here 
mention that the earlier the cut-oif in the low-priDasure 
cylinder, the greater is the power developed therein. 

To explain what we believe to be the beat method o! 
constructing these diagrams, we ahall first take the case of a 
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compound engine with cranks at right angles ; the diagrams 
are shown in fig, 194. The volumes of cylinder and clearance 
of receiver, and of low-preaaure cylinder and clearance^ 
are B.ch,R,h,cL. Tbe steam is admitted at pressure /^«. 
which is below the boiler pressure, and is cut oft' at pressure 
Pn which is always less than ;m because of the wire-drawing 
that takes place at cut-oC This is least with Corliss valves> 
because they close rapidly. The expansion curve 12 is a 
hyperbola ; the exhaust in reality begins before the end of 
the stroke, but for simplicity it may be treated as if it takes 
nlace instantaneously at the end, an inclined line, such a a 
2% being afterwards drawn before the mean pressure is 
calculated. Then 

P^ {H + ca) = Pi {k H + ch)f 



DEAWIJIG THEOEETICAL DUGBAMS 

where A- 14 the fraction of the stroke at which cut-oS tekfi 
place. X^xt assame p- and />i 0, the preasures of coBopresaion 
in the two cylinders. The point of cat-oflT in the low- 
preiflnre cylinder ia 8. the fraction of the atroke being k^ 
here less thun ^, and, if the ateani expanded aa a perfect g«s 
at constant temptmtore, we ahould have , 

Actual diagrams generally show that the quantity on the 
left-hand side ia k£& tban that on the right ; thia is prin- 
ci pally canaed by wire- drawing, and the presanre in the 
I y Under ia alwaya leta than that in the receiver* For 
pnrpoaei of calculation, we may write J 

where A is the coefficient, which may be given an average 
value for ei^ch type of engine. The preasnre left in the 
receiTer ia Ph, and may be found by putting A equal to 
unity. This is the pressure when the high-preasure 
exhausts into the receiver, eo that 

p. (H + €i. ) + P, It - ?>3 (H + fA + R). 

Neglecting the obliquity of the connecting rod, aupposing 
that adnaisaion to the low-presaure cylinder ia instantaneouB, 
the steam will be com pressed to a preaaure j'4 at half stroki 
of the high-preBsnre piaton, and 

p^ (4 H + ch -f R) = Pa (H + ck + E), 
and 
Pi (4 H + Ch + B) + pn, €1 = ?>5 (J H + Ch + 11 + a ), 

so that the theoretical diagram wonld show a sudden 
drop in pressure. In the actual diagram thia never 
appears, becauae admisaioti to the low-pressure cylinder ia 
gradual, and even if the port were opened suddenly the 
pressure in the two cylinders would not be auddenly 
equalised. A line from 3 to 5 agreea very cloaely with the 
actual diagram. In the actual diagram the point 5' is below 
5, because of the resistance of the pasaagea between the 
cylinder; the difference ia from 2 lb/ to 511. Compression 
still continues, because the high -pressure piston 13 moving 
rapidly and the low-pressure piston slowly. The curve 5^ is 
best drawn by Qnding the volume Y tilled by the a team for 
any position of the high-presaure piston, and using the 
equation— 

/^^V. - Pt. (iH + a + K + i? ), 
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the correBpondmg poBitiona of the two pistoii?, and there- 
fore the volume tilled can be foand from iig. 195* If A Bj 
C D be drawn at right aiagles, and A H E ia the angle made 
by the high- pressure crank with the line of stroke, then 
CHE will be the angle made by the low-pressure crank. 
The portion of the high-pressure stroke to be completed ia 
r B, and the low-pressure piston is G C from the commence- 
ment. If we draw from 7 a hyperbola whose asymptotes 
are ah and the line of no pressure, it will intersect this 
curve in the point 6, which gives the point of compression. 
If there were no fall of pressure between the two cylinders^ 
the point C would be on a level with ; in practice it will 
be from 21k to 51b, below this. After oompression has 
commenced in the high-pressure cylinder, this generally 
taking place before cut-off in the low-preaaure cylinder, thtj 




Fig* 105. 

steam expands in the receiver and this cylinder, so that the 
curve 6'8 would be a hyperbola, with asymptotes <tb^ hh^ if 
there were no wire-drawing. This hyperbola may be 
drawn through 6' to a point clo3« to 8' when the pressure 
falls rapidly, as shown in fig. 194. The curve 89 is an 
hyperbola with cd^ dk as asymptotes, the dottf^d lines at 
the right showing the exhaust. 
Next let us suppose cut-oH after half stroke, tig. 198 j then 

Pg (H + ck)^ pj (kR + tv.) 

p'ti (kiL -h a) - pm^i = A [pi (kB. + CA> - p,i ck] 

The curve 8'9 is a hyperbola with c c?, c? A as asymptote?* 

At half -stroke the pressure suddenly increases in the 

low-pressure cylinder, because exhaust takes place in the 

high-pressure cylinder, and this for simplicity is supposed 



b. 



ind at the and of the itroka Point 8 
is from 2 lb* to 6 lb. above 8' ; while the high-pressure piat^n 
Tuovea from 3 to 8 the low-pres&tire piiton moves from 3' 
to 8'^that is, from mid-atroke to cut-oti". Let I be the 
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fraction of the stroke of the high-presaure piston that 
remains when it has reached S ; then h 

p\ (H + '7> + 11 + ei + i L) -= p\ {I H + a. + R + C£ + itj L), ^ 

and point 3 may be drawn as much above 3' as 8 is above 8'. 
Draw 84 a hyperbola, with c ^, *^ w asymptotes, so that 

?>4 (J H + Ck + li) = ?^. {I H + o. + R), M 
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Fjo. IDT. 
and 

Pf, (i H + a + R + f?0 = P4 (i H + c;. + H) + ?>, o c^ 
A line from 8 to 5 will sgree closely with practioa W< 
must next take 5' and G' from 2 lb. to 51b. below 5 and 6, and 
we may find }h thus : Draw a hyperbola 76, whoie 
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«symptotea are ah, fim, until it interaectB the cur%*0 56, 
drawn as explained in the last case ; lastly, 12.6' is a 
hyperbola having a h^ h h for its asymptotes. 

A third case is shown in fig. 11)7, when the arrangement of 
cylinders is what is ciUed **tandera," or, when the two 
pistons are connected to two cranks at ISO deg,» the diagrams 
take this fornij 

p'4 (^i L + Ci ) - i^o a = A [p^ Ik H + Ch) - pn ^h ] 

where A ia a coefficient generally less than unity ; /^^ is from 
2 lb. to 5 lb. more than p\^ and may be calculated by the 
equation 

V^ (k^ L + a) - joo ci = ;?i {k H + ca) - pe Ch 
y/3 (H + c;. + R + CL - p^ [(1 - h^) H + C7. + R + Ci + h^ L]* 




^-p._-^^^_.„^ B ^t^^ 
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(5t= »z. Q%»n7S A- 67 
RECEIVER DftOP 5 LOS. 
PO I NTS OF CUT FF ijZ, ^54 . 



Point 5 may be found by drawing two interaectiDg 
hyperbola^, G^ and ^% with asymptotes ah^bm and c d^ d m 
respectively, because the former is the curve of compression 
of steam in the high- pressure cylinder, and the latter of 
steam in high-presanre cylinder and receiver after cut-ofl' in 
the low-pressure cylinder. We must take 3' from 2 lb. to 
51b. below 3. 

In triple-expansion engines with three cranks at 120 deg. 
the aequence of cranks may be low^ intermediate, high^ or 
the reverse. These two arrangements are called low and 
high pressure cranks leading. The former arrangement 
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gives less mnge of temperattire and initial atreES in each 
cylinder, but in apite of theae advantegeg there are niiny 
engineerH who prefer the latter arrangement. Fig. ll>8 «hows 
the high and intermediate presanre diagrams ^ith low* 
presaure crank leading. In iig. 199 A B and C D are two 
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diameters at 120 deg. By drawing parpen dicnlare E F, E 
from any point E on the circle, corrtsponding points of the 
strokes of high- pressure and intermediate pistons are found, 
the obliquity of the connecting rod being neglected When 
£ is at B the exhaust from the high-preaeure cylinder is 
taking place, and admiBsion to the intermediate docs not 
commence until E has reached C and the high-presstire 
pi a ton has made one- quarter of its return stroke. Compres- 
sion takea place during this period in the high- pressure 
cylinder and receiver, and this ia shown by the line 34. 
There is a slight drop when admission to the intermediate- 
pressure cylinder commences, and the pressure then risf s in 
both cylinders, because the high-presaure piston ia moving 
with considerable velocity and the intermediate-preasure 
piston very slowly at first If there were no resistance to 
the flow of a team through the paBsages. the preasure would 
be greatest when the areas of the two pistons, multiplied by 
their respective %eiocitiea, become equal to one another. 
When compression commences in the high-presiure cylinder 
expansion continoea in the receiver and in ter media de- 
press ure cylinder until the point of cnt-ct!'^ which we shall 
aaaume to be not later than three-quarter stroke, so that 
the exhaust from the high-presanre cylinder, Enpposed to 
take place instantaneously and at the end of the stroke^ 
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ocanrs after cut-off in the intermediate-preBanre oyliiider. 
The equations are— 

Pii{k^l -^ a) - piti a ^ A[pi{kli + ck ) - pt ch ] 

Tvhere I and a are the volamea of the interna ediate cylinder 
and its clearance, and ki ia the fraction of the stroke at 
which cut-off takes place. If there were no wire- drawing, 
the pressure in the receiver at the moment of exhaust from 
the high-presBure cylinder would be ;>?:«, but it is larger than 
this, and may be calcuiated by the equation^ 



and 



Pa ( Ati I + a ) - p\ QCi = jii{]cK + ch)- Pi Ck 

P2 (H + a ) + P^ R = P3 (H -^ ch + H) 
-;j4(|H + cA + R) 
P^ (I H + a + R) +i?xo CI - jtj, ( f H + Ck + R + ci I 



The curves 5 6, 5' 6' are found by construction, as in fig 194, 
corresponding points in the Jatter being taken from 2 lb. to 
51b- below those in the former. The curve & ^ would be 
part of a hyperbola, because expansion ia taking place in 
the receiver and intermediate -pressure cylinder, but wire- 
drawing makes it drop rapidly just before cut- oft. The 
pressures daring the intermediate -pressure exhaust stroke 
and low-pressure admission may he found in a manner 
similar to the above ] a coelBcient B must be used, in the 
same manner as A above, in the equation containing the 
pressure at cut-off in the low-pressure cylinder. 

When the high-pressure crank leads, the relative positions 
of the high-pressure and intermediate-pressure pistons is 
shown by tig. 109, the direction of rotation being opposite to 
that shown by the arrow, so that when the high-pressure 
exhaust stroke commences the intermediate- pressure piston 
is at quarter-stroke, and the pressure rises from 9 to 3\ fig. 
200. The steam then expands in both cylinders and the 
receiver until steam is cut off in the intermediate-pressure 
cylinder, when compression takes place in the high-pressure 
cylinder and receiver until three-quarter stroke ; when steam 
is admitted to the other side of the intermediate*pre8sure 
piston, there is a sudden fall of pressure from 5 to G, and 
steam is first compreseed and afterwards expanded in both 
cylinders and the receiver until compression commences in 
the high-pressure cylinder, when the steam in the receiver 
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And ititarmadyite pre«fiDre c^Htider expmndB tintil qoftrter^ 
stroke. In the n<^tn%\ diagramB the itidden chftoaei rf 
pressure t**'> fi.nd t^T do aot appear, and a line drekwn froo} 4 
to 1 1 will agree cloa^ly with the actual diagram, and the 
actual curve of admiesion may l*e drawn about mldwnj 
between i* and 'J\ allowanee Ijeing made for drop of preattm! 
between i ha two cylindera. 
The equationa are as follow :-- 

p\ (A 1 I 4- r , ) - /j| .^ci^ A]pi ih Ji -¥ eh) - Pn €h\ 

l>* may be found from the above by putting A = to unitr. 
We can find from fig. 10f> the volume V between the bigfa- 
pressure and inter madia te-presiure piitona, and smce from 



1 




Received MO^itH, 




3 to 4 the stei^m ia expanding in the two cylindera and the 
reoeiTtr-* 

p. (H + CA + H + a + i I) = ru V, 
and 3^ may be taken from 2 lb. to 5 lb. below 3. From 4 to 5 
compreBsion takes place in the high-pressure cylinder and 
receiver, so that, if Vj^ is the volume tilled by the steam at 4, 

and po{lH + ch + R + cO - pr. QK+ch +B) + ;5igeL 

The curve 67 may be found in the same way as 56, ^^, 194, 
and 7' 1* is part of a hyperbola, expanaion taking place in the 
receiver and intermediate-presanre cylinder until quarter- 
etroke. The low- pressure diagram and the exhaust line of 
the intermediate- pressure diagram may be found in a simUar 
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maimer ; a caefficient B mnat be used in the same rDanner as 
A above in the equation containing the pressure at cut-off 
in the low'preesure cylinder. 

The followinjif ia the method of finding from actual 
diagrams the value of A and B. The diagrams, fit?, 201, are 
taken from The Practical Enghieer of July 28tb^ 18D3, They 
are thoae of a horizontal tandem mill engine, cylinders 
21 in. and 42 in. diameter, and 5 ft stroke, bo that the high- 
preaaure volume is one- quarter that of the low-pressure 
cylinder Linea a h^ c d^ ej\ g h are drawn parallel to the 
atmosphenc lime, so that they cut the expansion and 
compresiion curves. The length of the front diagram is 
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I'JG. 201. 

3 "17 in., and a & is 1 5I> in., and the presanre at a or h ia 6G*7r> 
absoiate. Here, then, the volume represented by a ^i ia 

where M is the length of Hiagram and H the volume of the 
hiRh-pressure cylinder If, then, we use the iSgurea in fig. 
143, and if p is the pressure at a or ^^ then 

P * V - ih (^' B + ck) - Pi} ch ) 

^6C75 X i|^H = 33-5a 
317 

Treating the back diagram in the same way, we find 

p V - 30-4 H, 

The mean value is 

31 95 H. 



252 



BBAWnTG THEOBITICAL BIAGBAMS 



In the low-pres8Qre front diagram, if P ia the pressure at 
rj\ ami i; the volame represeott^d by that line, 

Th© lergth of this diagram ia 3^22 in., e/ is 1*89, and 

P= 11 '17 
abiolute, to that , 



fiinoe 



L = 4H. 



The same qnanHty for the back dUfi^ram is 2G'25 H. 
The mean value of P y is therefore 20 275 H ; but 

If no line can be drawn catting both compretaton and 
expansion cnrves, we cannot uee the diagrams for thii 
pnrpo&e nnleaa the clearance volnmea are known, which ia 
not often the cftae ; knowing these, the values of pN fiy 
can be calculated by taking two points, one on the expansion 
cnrve and another on the compression curve, in each 
diagram ; the product of pressure and volume on the former 
is /'i (^H + c/O on *he high-preasare diagram, and on the 
latter is pa c/r, so that the ditference of iheae two is p\. 
Again, in the low-pressure diagram we can obtain from the 
points on expapaion and compression curves j}^ U-i L + ci} 
- ;>io <^^.i fig- 1^^* which equals Py. Thus in ttie mean 
diagrams of the ^* Colchester's " compound invertpd screw 
engine with cranks at right angles, tested by Professor 
Kennedy, we have— 

L = 3GL H, c^ = -0939 H, a = W23 L. 

The compreaaion pressure in the high -pressure cylinder ii 
372 and in the low-pressure cylinder 10 absolute. 

At 70 per cent of high-pressure stroke the pressure is 
63'2, so that we obtain — 

Pi (Jt H + a ) = 63*2 X 7fJ39 H = SOlo H 

P';Ch = 37 2 X 0939 H = 3-49 H ; 

: ,pY =^ 'J GOG. 
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At 80 par cent of the low-pressare Btroke the pressTire 
17; whence— 

Pa (^1 L + ci ) = 137 X -8623 L ^ 42'66 H 
jji g Ci ^ 10 X '0623 L = 0-26 H ; 
.\Ptf = 40-4 
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40-4 
46'(>0 
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An average valae of A for componnd engines is '^^ and 
for triple- expansion engines A and B may be Ed and -77 
respectively, these being the means of a large number of 
examples. 

It is impossible to give any fixed rnlea for the drops from 
boiler to initial and cut-otl' preasures in the high-preasnr© 
cylinder, ag these depend on piston speed, area of passages 
and point of cut-off, distance of boiler from engine, and 
bends in the steam pipes. In a large number of cases from 
triple- expansion engines it was between 41b. and 16 lb. from 
boiler to admission, and the mean value was a little over 
10 lb- ; the drop from boiler pressure to cut-otf waa from 
23 lb. to 37 lb., and the mean value a little over 28 lb. In the 
diagrams of compound engines, with slide valves, the above 
mean values were 12 lb* and 23 lb., and varied between 5 Ib^ 
and 19 IK for the first, and 191b. and 301b. for the second. 
The boiler pressure for the triples was between 1501b. and 
1701b. ; and for the compounds from GD lb. to 110 lb. 

Examples of diagrams of Corliss engines may be found 
in I). K, Clark's *' Steam Eogine^'; and of compoand loco- 
motives in several volunma of the Proceedings of th# 
Institution o! Mechanical Eogineers. 

To find the size of low-pressure cylinder, we may proceed 
in the following manner : — 

Suppose we require a triple-ejcpansion marine engine to 
develop 850 horse power, with a piston speed of 450ft per 
minute, and 75 revolutions, the boiler pressure being 1501b. 
This will give us a stroke of 3 ft., and the terminal pressure 
in the low-pressure cylinder should be about 10 lb. 

But it is clear that if the terminal pressure is p^ and th^ 
cut'Oil' pressure in the high- pressure cylinder is pi^ that 
the number of expansions is 



r = ?!i X A B 
P 

p 



W X 



■77 = ^'^ 



X "Gse. 




Takiog ft meftn value of drap— 

p^ - 1G5 - 28 = 1371k 

/.r- 137 X 'G8r> = 9 3 IK 

We mQit now ossiime &u average diagram factor h Then, 
if /w W the mean effective preaaure referred to th« low 
prtis«!ir& piatoa— 

■g p ^ pr I a it 



'S^m 



rf 



and ,,.-i{pi_±^-3} 

ler, and 3 i 

sf W IH *tL Sj( „^ 



where P is the absolute preaiura in the boiler, and 3 is aab- 
tractad for back preaaure. A mean value of n ia *^^ so that 
w© find- 
IP, = X i 165 X "348 - 3 ( = 32 6. 

gfi O X 33Q0O ^ jg^Q 

Thifl correaponda to a diameter of 49iiii. We can, if we 
prefer it, find the volume swept out by the low-pressure 
pUton per minute before ti sting on the length of stroke and 
nnmlK^r of revolutions. The cut-otf in the high -pressure 
csylinder lies between GO and 75 per cent of the stroke. 
Suppose we assume a cut^oH'of 0^ per cent, and a is the area 
of the high-pressure piston. 

HJ5 di -ii , \ fli - - J^^^,, , - 3iG square inches, ■ 
r 'bo X Ba ' ^" 

so that the diameter of piston will be 20 in. The diameters 
of the three pistons are in geometrical progression, and the 
same applies to the four piston diameters of a quadruple- 
expansion engine, so that if d^ is the diameter of the 
intermediate piston, 

d. ^ J%\} X 491 = 31-4 in. ^ 

The points of cut-off in the intermediate and low pressure^ 
cylinders may then be assumed at about UO per cent of the 
stroke, and the probable diagrams can now be drawn. In 
triple-expansion marine engines with three cranks the first 
receiver is from two or three times the volume of the high- 
preflanre cylinder, and the second is from D to 1^ timea the 
volume of the intermediate cylinder in the examples we 
have calculated* It is generally a very tedious process 
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calculating these volumes, and it ia rarely done, which is 
our only apology for not giving fuller information on this 
point 

In order to show the accuracy of this method of setting 
out diagrame, it would be necessary to give a very large 
nnmbar of OKamplea of comparison of actual with theoretical 
diagrams. This would take up too much space ; we hava 
therefore selected the diagrams of a triple- expansion marinf* 
engine given by Mr. J. R Hall in his paper, '* Compound 
versus Triple- expansion Eneines," read before the North- 
Eist Coast Institution of Engineers and Shipbuilders, in 
1887. 

The low-pressure crank leads, the cylinders are 21 in., 
34 in., 57 in, in diameter, with 3'3 in. stroke : the boiler 
preasure ia 165 lb. absolute ; the points of cut- oft' in the 
three cylinders are at *tj2, '6^4, and "595 of the atrokea 

I = 2-62 H ; H = -382 I ; 



L = 2 81 1 ; I - '366 L ; 

ck = -12 H ; a - WG I = 173 H ; 

ct - -004 L - 18 I. 
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The three last are taken from the comhined diagram glvea 
by Mr. Hall, which we have not reproduced here, as there 
is no necessity to do so. The volumes of the two receivers 
R and Bi are not given in the paper, but Mr» Hall gives 
them as— 

R = 3&154 cubic inches ==. 2 605 H = '934 I, 
Ri = 39100 cubic inches = 1105 I = *394 U 

In iig. 5 the high-pressure and intermediate-pressure 
diagrams only are given. In the following calculations we 
shall refer to ;>i3, the pressure at one-quarter stroke during 
the e^chaust from the intermediate- pressure cylinder just 
before admission takes place to the low pressure cylinder ; 
Pi*i P'i4i t^e pressures just after the admission, the former 
at one- quarter stroke of the intermediate -pressure piston, 
the latter at the commencement of the low-pressure stroke ; 
Play p^ 1 are the pressures in intermediate-pressure and low- 
preasure cylinders when compression commences in the 
former; pi- iu the pressure at cut-oti* in the low-preaaure 
cylinder. The calculations are as follow ;— 

P^ ('654 I -1- «(> I) - ?no X 066 L 
= Pi (G2 -f 12) H - p: X l^K, 



^\ l>RAWINQ THEORETICAL DIAGRAMS 

Aiauminff p^ />T} />iu as 1421b., 103 lb., and 43 Dx, tibor 
Aotoal vmlaet, we obuin 

Ps - 631. 

Ita Aotual valae at oat-off in the intenneduite- iiitiaue 
cylinder it 40 0, which will be obtained if we pat 

A - '866. 

We aname that the preuare in the reoeiyer is 

Ph = 631 lb., 
whence 

/», iH + a + R) « ;>i (-62 H + ca) + P8 . R. 
142 X 74 4- 531 x 2 605. ^-.. 
' ' 3726. 

Actual pretiure — G3'2 ; difference = 2 2. 

;)4 (76 H 4- a + K) = Pa (H + CA + R) 

^4 - 70. 

Actual preaaare = C9 lb. ; difference ^ 1. 

;>, r7:y H + C-. + K + r. ) « ;)4 (76 H + ca + E) + />io « 

/)5 = 08C. 

Actual pressure « 00 ; difference = - '4 lb. 

Actual ;>^^ « 05 ; difference = 3*6 lb. 

Compression commences at '90 of the H.P. exhaust stroke 
when ttie l.l\ piston has made '441 of its stroke. 

.-. ;>„ (1 H -f ch + R + a + '441 1) 

= /)r> ('75 H + CA + R + ci ) 

re. = 6026. 

Actual value (Uo ; difference = - 4*26. 

lu the l.r. cylinder 

/»^t = 54*5; difference 6 25 lb. 

/'7 CA = /',5 (1 H + ca) 
/;7 = 110 

Actual pressure = 103 ; difference 7 lb. 
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Thifl showi very cloae Agreement between theory and 
practice^ if we allow a drop of 51k between the two 
cylinders. 

At cut-off in the low-preaaure cylinder 

Pi 7 (595 L -H a ) - />2i) « 

pso ia 7*8 lb., whence 
Pi 7 = 17 5. 
Actual valae 131 ] diiference 4 '4 

We assume^ then, that 17 '5 is the pressure in the second 
receiver, and ia represented by Pi j. 

We can obtain the actual value of pn by making B equal 
to 75, very nearly. 

pn {"€^64 I + Ci ) + Ri Pit = Pii (I + ci + RJ 

466 X 72 + 1105 x 17'5 = pn x 2171 

P%x - 34a 

Actual pressure = 2375 ; difference = "55, 

.,. ^ /^i^j (I + a H- R |) _ 52^85 
^'^ ll + a + Ri " 1921. 

- 27-5, i 

Actual preaaure ^ 257 ; difference — 1*8. 

Pm (a + 75 1 + ci + 111) = Pia (75 I + ci + Ri) -hpso c; 

n ;'i4 - 25-85. 

^^ Actual pressure = 257 ; difference 15, 



Actual /j^n = 207; difference = 515, 
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Compression in the inter mediate- press are cylinder taken 
place at nice-tenths of the exhaust stroke when the low- 
pressure piston has made '44 of its forward stroke, 

pi« (II + c, + Ri + a + *44L) 

•» ;>i4 («?i + 75 I + ci + Ri) 

pi fl = 20 8. 
17m 



8dB BiAG^Aas or cxxepooo^ 

Aotml ittMBu re » Mth ; ilHfcn.i.i «» - ^ 
Aotud f^jc '^ 14 "S ; difFeraBoe ^ <L 

f'l.. r, =/.ir: (II+CSX 

^''' ^eT" 

;m u msnined sb 4S]b. ; difiennoe » 7^ 

The AgrBement ii, therefore, ym ckm om the wholes exoeiit 
for ;>7 ftiidy'i(», uidindimwiiisthediBgimMimmeancuiheie 
be taken between the BKUDed Hid oBHUtod Ttttaei^ 
if we BMimie these T&ives £nt, and ako ueeme the pointi 
off oompreaian. We have alreedy ahown theft the pooit of 
oompreHion may be found bj ouuiueiXioli; bat tfaia is 
more tediou than the aboTe method off olcelation. 
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